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ABSTRACT
With the high demand for faster and smaller wireless communication devices, man-
ufacturers have been pushed to explore new materials for smaller and faster transis-
tors. One promising class of transistors is high electron mobility transistors (HEMT).
AlGaAs/GaAs HEMTs have been shown to perform well at high power and high fre-
quencies. However, AlGaN/GaN HEMTs have been gaining more attention recently
due to their comparatively higher power densities and better high frequency per-
formance. Nevertheless, these devices have experienced truncated lifetimes. It is
assumed that reducing defect densities in these materials will enable a more direct
study of the failure mechanisms in these devices. In this work we present studies done
to reduce interfacial oxygen at N-polar GaN/GaN interfaces, growth conditions for
InAlN barrier layer, and microanalysis of a partial InAlN-based HEMT. Additionally,
the depth of oxidation of an InAlN layer on a gate-less InAlN/GaN metal oxide semi-
conductor HEMT (MOSHEMT) was investigated. Measurements of electric fields in
AlGaN/GaN HEMTs with and without field plates are also presented.
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Chapter 1
INTRODUCTION
Since the invention of the computer, the transistor has been the backbone of high
technology industry. The size and performance of this basic component dictates the
speed and functionality of these machines.1 Figures 1.1 and 1.2 illustrate the ongoing
demand for more and smaller chip devices. This demand has pushed manufacturers to
explore new materials and technologies. High electron mobility transistors (HEMTs)
are one of the by-products of this effort. These devices, which are a specific type of het-
erostructure field-effect transistor (HFET), perform very well at high frequencies and
high power.2,3 The first of these HEMT devices was based on AlGaAs/GaAs.4 How-
ever, AlGaN/GaN structures have become more prominent in recent years because of
their comparatively higher power densities and better high frequency performance.5
Additionally, the large band gap, high sheet charge concentration and electron mo-
bility of AlGaN/GaN HEMTs should enable applications in advanced radar systems,
satellite-based communication networks and space communication systems.6,7, 8 The
research in this dissertation describes an investigation of the growth of higher quality
GaN, a study of oxidation depth in gateless InAlN/GaN HEMTs, and electrostatic
field measurements for AlGaN/GaN HEMTs with and without field plates.
1.1 Overview and Background
Transistors consist of semiconductors doped with donor (or acceptor) atoms which
provide extra electrons (or holes) for device operation. However, the motion of these
particles can be interrupted by ionized dopants and collisions with impurities.9 Iden-
1
Figure 1.1: Number of transis-
tors per chip as a function of year:
the processor names are indicated.
The dashed line indicates a pro-
jection to 2010 made in 2000. The
exponential growth shown in this
graph is commonly referred to as
Moore's law.1
Figure 1.2: Number of chip
components as a function of de-
vice feature size. The historical
trend and projected values accord-
ing to the Semiconductor Insti-
tute of America (SIA) in 2000 are
shown.1
tifying ways to improve conductivity has been the goal of much electronics research.
A promising method called modulation doping was first introduced in 1978.10 This
type of doping takes electrons from remote donors in a higher band-gap material and
transfers them to a lower band-gap material. The juxtaposition of the doped higher
and un-doped lower band-gap materials causes a triangular well at the interface where
the free electrons collect, as illustrated in Figure 1.3. This creates a sheet of high
charge density just under the interface, which is called a two-dimensional electron gas
(2DEG).4 These charges can move freely along the interface since they are separated
from the ionized dopants, greatly reducing ionized impurity scattering and resulting
in much higher electron mobility and saturation velocities.
2
The origin of the 2DEG in AlGaN/GaN devices is still under debate with vari-
ous groups suggesting unintentional dopants,11,12 interface states at the AlGaN/GaN
interface,13 and deep-level defects,11 while yet others suggest surface states at the Al-
GaN surface.14 Devices that take advantage of this effect due to modulated doping are
called modulated-doped field effect transistors (MODFETs): more generally, devices
that take advantage of the 2DEG are known as HEMTs. These devices have been
found to excel in microwave and millimeter-wave analog applications and high-speed
digital applications.4
Figure 1.3: Illustration of band-bending at the AlGaN/GaN interface.
Band structure creates a triangular well at the interface. The well dips below
the Fermi energy (EF ) making an ideal location for collection of electrons.
15
1.2 Wide Band-gap Devices
The traditional semiconductors most commonly used in device manufacturing,
namely Si and GaAs, have band gaps of 1.11 and 1.42 eV, respectively, as shown in
3
Property Units Si GaAs 4H-SiC GaN
Bandgap eV
1.11†
1.12‡
1.42‡
1.43†
3.2†‡ 3.4†‡
Breakdown Field 105 V/cm
3‡
7†
4‡
7†
35†‡
20‡
35†
Saturation Velocity 107 cm/sec 1† 1† 2† 1.5†
Saturation Field 103 V/cm 8† 3† 25† 15†
Thermal Conductivity W/cm-K 1.5† 0.46† 4.9† 1.7∗†
Electron mobility cm2/V-sec
1300‡
1350†
5000‡
6000†
260‡
800†
1000†
1500‡
Hole Mobility cm2/V-sec 450† 330† 120† 300†
Maximum Temperature o C 300‡ 300‡ 600‡ 700‡
∗ GaN is typically grown on substrates of different material.
† Values reported by Moore16 ‡ Values given by Pengelly et al.17
Table 1.1: Material properties of common microwave semiconductors.
Table 1.1. These band gaps are small in comparison to the large band gaps of 3.2 and
3.4 eV of SiC and GaN, respectively. These wide band-gap materials also have higher
melting points compared with Si and GaAs, allowing devices to operate at much
higher temperatures, decreased device size and increased density. In addition, it has
been shown that wider band-gap materials are more resistant to radiation damage
compared to Si MOS devices.16,18 The wider band gaps and higher melting points
of SiC and GaN allow devices to withstand higher ambient and channel tempera-
tures, resulting in cheaper packaging and relaxed cooling system requirements when
4
compared to the narrow band-gap materials. Other properties of SiC and GaN, such
as the critical or breakdown electric field, are equally advantageous in device man-
ufacturing. The following sections highlight the properties of these wide band-gap
materials that differ from those of the common Si and GaAs semiconductors. Figure
1.4 at the end of the section summarizes how the material properties relate to device
operations and system advantages.
1.2.1 Thermal Conductivity
Thermal conductivity, which is a measure of the ease with which heat generated
during device operation can be removed from a device, plays an important part in
device scalability. The thermal conductivities of 4.9 and 1.7 W/cm-K, for SiC and
GaN, respectively, are improvements over the conductivities of 0.46 and 1.5 W/cm-K
of GaAs and Si, respectively. It is obvious that the major increase in conductivity for
SiC should be beneficial although it is not as clear when comparing the conductivities
of Si and GaN. The major benefit comes from the fact that GaN devices are currently
grown on SiC or sapphire, so that the substrate becomes the limiting thermal conduc-
tor. Device heating can lead to device degradation since any increase in temperature
diminishes device performance by reducing carrier and hole mobilities and saturating
electron velocities. The saturation leads to less efficient devices and further heating.
Materials such as SiC and GaN reduce the need for special packaging and/or system
cooling for optimal device operation.16
1.2.2 Critical or Breakdown Field
Another critical property that give wide band-gap devices an advantage is their
higher breakdown fields. The magnitude of the field comes into play in two ways,
depending on the type or use of the device. For a given device design and channel
5
doping, the breakdown field determines the highest operating voltage of the device,
which limits the RF power swing. The higher operating voltage results in higher
power, and higher power density, in the device. The higher power density in turn leads
to more power per die, thus smaller die count per system, and greater bandwidth.16
In the alternative case when a device operates at a given voltage, the break-
down field allows higher doping levels, so that tighter device dimensions can be used.
Both the higher doping and reduced dimensions of FET devices allow for increased
transconductance, lower parasitic resistances, increased power gain, higher threshold
and maximum frequencies, and improved efficiencies.16 The higher efficiencies result
in lower total power usage, and the smaller dimensions result in smaller and cheaper
packaging.16
1.2.3 Saturated Electron Velocity
High saturated electron velocities are important for sub-micron gate-length devices
operating at very high fields. The frequency performance (particularly, the threshold
frequency) of a device is heavily determined by the electron velocity. The saturated
electron velocities of SiC and GaN have been measured to be 2.2 × 107 and 1.5 ×
107 cm/second, respectively.16 As shown in table 1.1, these are both significantly
higher than those reported for Si and GaAs. The electric field at which the electron
velocity saturates determines how rapidly the charge carriers can be accelerated to
their saturation velocities. The saturation fields of GaN and SiC are 1.5 to 2.5×104
V/cm, respectively. These values are 2 to 8 times higher than the saturation fields of
GaAs and Si.16
The combination of low mobilities of wide band-gap materials and their high sat-
uration fields result in devices with higher knee voltages that are able to operate at
higher supply voltages before reaching the saturated electron velocity regime. This
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enables optimal performance of these devices at higher voltage levels than conven-
tional semiconductor technologies. The high electron velocities contribute to very
high speed devices, resulting in very high system frequencies.16
1.2.4 Electron and Hole Mobilities
The major advantages of wide band-gap devices have so far been outlined. One of
the major disadvantages of wide band-gap devices is the comparatively low electron
and hole mobilities. These mobilities have a large role in on-resistance and knee
voltage determination at the low-field region of operation. The low mobilities also
result in reduced gain, increased losses and parasitic resistance. These problems are
amplified as the temperature increases, since the mobility rapidly degrades, and when
the operating frequency increases.16
While Si and GaAs have high electron mobilities of 1350 and 6000 cm2/V-sec re-
spectively, SiC and GaN have lower electron mobilities of only 800 and 1000 cm2/V-
sec, respectively, in nominally undoped material. When 4H-SiC is doped at the typical
level of 1017 cm−3, the electron mobility drops to around 500 cm2/V-sec. This hap-
pens because of ionized impurity scattering, as described in section 1.1. Fortunately,
since the electrons are physically removed from the donor atoms to the AlGaN/GaN
heterojunction in AlGaN/GaN heterostructure devices, as will be discussed in section
1.3, the electron mobility remains near 1000 cm2/V-sec. The hole mobilities of both
SiC and GaN are very low, around 120 to 300 cm2/V-sec, which limits the use of
these materials in p-type devices.16
1.2.5 Substrate Conductivity
Much thought is often given to deciding what materials to use for device construc-
tion, but it is equally important to consider the nature of the substrate, in particular
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its conductivity. The electrical conductivity of the substrate becomes even more im-
portant for higher frequency RF transistors. This property is strongly related to losses
at high frequencies in lateral microwave MESFETs and HEMTs. Semi-insulating
substrates of 6H and 4H SiC polytypes have demonstrated decreased signal losses.
Sapphire (an insulator) or SiC (semi-insulating) are commonly used for AlGaN/GaN
HFET devices, leading to much improved microwave performance compared to de-
vices grown on heavily doped Si substrates.16 Moreover, it has been shown that SiC
substrates have a clear thermal advantage for devices designed for high total RF
power, compared to those grown on sapphire.8,19
1.2.6 Electrical Contacts
Electrical contacts are additional elements critical to device operation. The ma-
terials used in these contacts strongly influence successful device operation. A signif-
icant drawback of wide band-gap materials is that they form higher resistance ohmic
contacts than those grown on smaller band-gap materials. Ohmic contact resistance
strongly affects both RF and DC device operation. An increase in the on-resistance
negatively affects transconductance, frequency performance, and the efficiency of the
device.16 Low contact resistances have been achieved in both SiC and GaN n-type
materials.16 High quality Schottky contacts are also important for successful device
operation since their quality determines whether complete pinch-off of the device
channel is achieved, and also controls the amount of gate leakage current in both DC
and RF modes. High gate leakage decreases the maximum output power of the device.
Fortunately, good Schottky contacts are typically easy to create on wide band-gap
materials.16
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Figure 1.4: Chart illustrating how different material properties impact
device operation, and the resulting system advantage.16
1.3 AlGaN/GaN HEMTs
AlGaN/GaN HEMTs are composed of a highly doped wide band-gap n-type layer
(AlGaN) and an un-doped narrower band-gap layer (GaN), with the 2DEG located on
the GaN side of the interface.16,15 The unique properties of the 2DEGs in GaN/AlGaN
HEMT systems contribute to their superiority for device applications. Charge den-
sities of up to five times higher than the earlier AlGaAs/GaAs-based HEMTs have
been reported.2 AlGaN/GaN HEMTs also have high power densities, high break-
down voltages and high sheet charge densities allowing for much smaller devices and
the use of large drain voltages. These properties make them ideal for highly efficient
power amplifiers.17 The high breakdown voltages and high saturated drift velocity
lead to high current densities.17 These properties lead to low device capacitance.
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This low capacitance and the low drain-to-source resistance are ideal for switching
mode amplifiers. The radio-frequency (RF) power densities are several times higher
than other current technologies.17 The ability of these devices to handle large voltage
and current changes, and deal with increased heat dissipation, make them robust and
highly versatile.17
Figure 1.5 shows a schematic of a typical AlGaN/GaN HEMT. The ohmic contacts
are formed directly on top of the AlGaN layer, and device isolation is achieved by
depositing SiN between the contacts.20 The gate electrode is recessed in the SiN
layer to the AlGaN layer where a Ni/Pt/Au metalization contact is formed. Device
optimization includes laterally extending the gate electrode on the drain side for field
shaping (see fig 1.5), due to the strong electric field peak occurring at the metal-
semiconductor junction. The asymmetry of the gate-footprint placement reduces
source resistance and increases gate-to-drain breakdown voltage. Nominally, the gate-
to-drain spacing is 3 µm with the gate footprint being 0.4 µm. After deposition of
another SiN layer, a field plate connected to the source may be grown to assist in
shaping the electric field at the highest drain voltages and to reduce gate-to-drain
feedback capacitance.21,22 The use of these two field plates has become the most
common device structure for RF applications operating below 20 GHz.17 The built-
in electric field in the AlGaN layer for un-doped AlGaN/GaN HFETs decreases with
AlGaN layer thickness and increases with Al mole fraction. These fields have been
measured to be in the range of 217-229 kV/cm in Ga-polar devices.15
1.4 Device Failure Mechanisms
Despite their promise of robust high-power and high-frequency device operation,
several issues handicap AlGaN/GaN HEMT devices. One drawback, reduced electron
and hole mobilities, has already been discussed in section 1.2.4. This section covers
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Figure 1.5: Top: Diagram depicting the essential components of the typical
AlGaN/GaN HEMT device with the location of the 2-DEG also indicated.16
Bottom: Mass-thickness TEM image mosaic of AlGaN/GaN HEMT device
with a field plate over the source and gate region. The buffer and AlGaN
layers are too thin to label. The asymmetry of the gate placement and the
extension of the gate field plate on the drain side are apparent in both figures.
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other issues, as reported in the literature.
In order to take advantage of the higher electron mobility of the 2DEG, contacts
that connect the HEMT to the rest of the device are needed. One recent study
described attempts to use TiAlNiAu contacts in AlN/GaN HEMTs.23 After anneal-
ing, structural and chemical changes occurred at the metal/GaN interface, leaving
an insulating barrier of Al oxide around the contact surface.23 Other issues causing
AlGaN/GaN HEMTs to perform below expectations include I-V dispersion, drain
current leakage,24,25,26,27,28,29 and gate and drain lag.7
As well as difficulties in forming contacts, there is much discussion in the literature
surrounding the failure mechanisms of HEMT devices. One group suggested that
gate-edge damage was a possible source of failure.30 However, these authors also
emphasized that this was only a partial explanation: it was also pointed out that gate-
metal diffusion and the presence of an oxide beneath the metal contact were observed
in all investigated devices.30 Other studies have reported electrical degradation due
to high voltage stress,31 and a critical voltage was observed at which irreversible
device degradation took place. It was believed that degradation of the drain current
was correlated with material degradation. Grooves in the GaN layer were observed
to develop when the critical voltage was approached. Further investigation showed
pit development in the AlGaN when the critical voltage was exceeded, and it was
concluded that the electrical degradation was due to microstructural damage.31
A close correlation between failure modes and bias voltage has been demon-
strated.2 It was suspected that hot electrons contributed to device degradation at
moderate drain voltages. It has also been reported that novel failure mechanisms were
triggered at high drain bias currents, which induced an increase of the gate leakage
current.2 It was proposed that an inverse piezoelectric effect occurred causing defect
generation as a result of strain relaxation and/or permanent breakdown in the AlGaN
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barrier.2
Other reported sources of device failure include current collapse and gate leakage
currents.32,33 An attempt was made to isolate the source of these issues by studying
a gateless device, and an AlGaN Schottky diode, independently. It was found that
surface passivation and insulation of the gate structure with Al2O3 suppressed both
the current collapse and gate leakage.34
1.5 Outline of Dissertation
The research of this dissertation concentrates on failure mechanisms in GaN/AlGaN
HEMTs and assessment of the quality of material growth. It is assumed that when
these devices are fabricated with high quality growth techniques (low defect densities)
then the failure rate should decrease. By ensuring that the techniques for production
of these devices are of the highest quality, then the contribution of defects to device
failure should be minimized.
In chapter 2, the analysis techniques used in this study for evaluating crystal
quality, measuring device electric fields, and oxidation depths are briefly presented.
These techniques include TEM, high-resolution TEM (HRTEM), STEM, off-axis elec-
tron holography, and energy-dispersive x-ray spectroscopy (EDXS). Additionally, the
details of sample preparation techniques developed to prepare electron-transparent
lamella for cross-sectional transmission electron microscopy and scanning TEM are
described. This chapter also outlines additional requirements for electron holography
studies, as well as describing practical problems encountered in sample preparation
and solutions developed to resolve these problems.
In chapter 3, the quality of N-polar MBE GaN on N-Polar HVPE GaN pre-
pared using different substrate preparation techniques is described. It is shown that
nanolayers of AlN and 3 or more Ga deposition and desorption cycles greatly reduce
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the crystal defect density.
In chapter 4, an investigation into the oxidation depth of AlN masks on gate-less
InAlN/GaN metal-oxide-semiconductor high electron mobility transistors (MOSHEMT)
after annealing in atmosphere is presented.
In chapter 5, electric field measurements of field plated and non-field plated GaN
HEMTs calculated using measurements obtained via electron holography are de-
scribed. This study advanced sample preparation techniques for electron holography
for HEMT devices and highlighted built-in electrostatic-fields caused by lattice strain.
In chapter 6, major results of the research are summarized and future possible
studies of GaN HEMTs are briefly described.
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Chapter 2
EXPERIMENTAL DETAILS
2.1 Analysis Techniques
Analysis techniques used in this study for evaluating crystal quality, measur-
ing device electric fields, and oxidation depths are presented. These techniques in-
clude TEM, high resolution TEM (HRTEM), STEM, off-axis electron holography,
and energy-dispersive x-ray spectroscopy (EDXS). Additionally, the details of sample
preparation techniques developed to prepare electron-transparent lamella for cross-
sectional transmission electron microscopy (TEM) and scanning TEM (STEM) are
described. This chapter also outlines additional requirements for electron holography
studies, as well as describing practical problems encountered in sample preparation
and solutions to these problems.
2.1.1 Conventional and High Resolution Transmission Electron Microscopy
Conventional transmission electron microscopy (CTEM or TEM) uses diffraction
contrast with a small aperture to form images, whereas high resolution electron mi-
croscopy (HREM) uses phase contrast with a large or no objective aperture. The
large aperture allows interference of many scattered electron beams over a wide range
of scattering angles giving higher image resolution.35 HREM allows imaging of crystal
structures on the atomic scale.36
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2.1.2 Scanning Transmission Electron Microscopy
In Scanning Transmission Electron Microscopy (STEM), the electron beam is
focused to a very fine probe, as illustrated in Figure 2.1. This probe is then rastered
across the sample and scattered electrons from each spot are collected and used to
create images of the sample. Several different imaging modes are possible depending
on the relative sizes of the convergence and detector collection angles.
2.1.3 Energy-Dispersive X-ray Spectroscopy
When the electron beam is incident on the sample, x-rays are generated that
are characteristic of the elements in the sample with which the electrons have in-
teracted. These x-rays are collected and produce spectra indicating the elements
that are present at any given point. This process is called Energy-Dispersive X-ray
Spectroscopy (EDXS or EDS). Once a spectrum is collected for each point in the
beam path, data can be extracted for given energy windows to create elemental pro-
files. As an example, Figure 2.2 shows the EDXS signal of the source region from
an InAlN/GaN MOSHEMT device. The energy windows used were 0.1 keV wide
and centered around 0.2770 keV (carbon Kα), 0.5230 keV (oxygen Kα), 1.486 keV
(aluminum Kα), 3.286 keV (indium Lα), 4.510 keV (titanium Kα), 9.250 keV (gal-
lium Kα), and 9.712 keV (gold Lα). The plot provides an elemental profile along the
sample path that was selected.
2.1.4 Off-Axis Electron Holography
The technique of off-axis electron holography enables measurement of electrostatic
and magnetic fields in and around TEM samples down to nanometer resolution.38
This technique uses a coherent incident electron beam with part of the beam inter-
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Figure 2.1: Schematic showing a simplified representation of the STEM
technique.37
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Figure 2.2: EDX line-scan data set from an InAlN/GaN MOSHEMT. The
high-angle annular-dark-field image (HAADF) is shown at top left. The short
line perpendicular to the interface in the HAADF image indicates the path
used for data collection. The plot at top right is the elemental profile of the
collected data. The arrows indicate the scan direction. The spectrum at one
point on the profile (bottom) is shown. The spectrum corresponds to the
point indicated in the HAADF image by the small box at the end of the scan
path. The vertical highlighted regions in the spectrum indicate the energy
windows plotted in the elemental profile.
18
acting with the sample and part traveling un-obstructed through vacuum, as shown
in Figure 2.3. These two portions of the beam are then overlapped using a positively
charged platinum-coated quartz thread, called an electrostatic bi-prism, that is per-
pendicular to the central axis of the TEM column. The overlap of the two beams
creates an interference pattern due to the coherent nature of the electron source beam.
The information portion of the electron wave experiences changes in phase that can
be related to electric and magnetic fields present in and around the sample. Since the
specimen in these present studies are non-magnetic, it is assumed that the magnetic
field contribution is zero, leaving the phase shift due only to thickness and electric
potential, as shown in Figure 2.4.
In order to separate the additional phase information from the rest of the recorded
hologram, a field-of-view (FOV) interference image is recorded with no sample present.
This second interference image is referred to as the reference hologram. The necessity
for the reference hologram is to eliminate fiber-optic shear due to the CCD38 as well
as any inevitable phase shift contributions (up to pi/2) due to geometrical distortions
of the projector lens.39
The CCD camera is preferred over film for recording holograms since the CCD
eliminates the nonlinear relationship between electron density and measured trans-
mitted intensity that requires time-consuming density corrections after digitizing the
film data.40,39
Once the specimen hologram and the reference hologram are acquired, the Fourier
transform (FT) of each is calculated. One of the side bands of the holographic FT
is selected. Using the ASUHolography plug-in for DigitalMicrograph, the reference
is subtracted from the holographic FT and the inverse FT is performed creating a
complex image wavefunction.38 The plug-in automatically reconstructs amplitude,
thickness, and phase images from the user’s previous selection.
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Figure 2.3: (Left) Illustration showing the wave paths used in off-axis elec-
tron holography. The yellow portion of the wave is the part that interacts
with the sample and the blue portion is the reference portion. The green
portion at the bottom indicates the region of interference where the holo-
gram is created.(Right) Photograph of Philips CM200 FEG that was used
for recording most of the holograms presented in this dissertation.38
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Figure 2.4: Schematic showing the electron source and variation of the two
portions of the incident electron wave and how they are overlapped using the
positively charged biprism to reveal any change of phase in the transmitted
beam relative to the reference beam.38
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For samples with no inherent magnetization, the electrostatic potential of the
sample can be calculated from the phase shift using the expression
∆φ(x) = CEV (x)t(x) (2.1)
where ∆φ is the phase shift, CE is a constant depending on the incident electron beam
energy, V is the electrostatic potential, t is the local thickness of the sample, and x
is the position in the specimen plane.38 It is important to note that if the specimen
is not locally of uniform thickness then the relation between ∆φ and V will not be
linear. The magnitude of the electric field is then calculated from the potential using
E(x) = −dV (x)
dx
(2.2)
where E is the electric field. The vector potential is ignored as only the electrostatic
nature of the lamella is being investigated. Using Maxwell’s equation
∇ ·E = ρ

(2.3)
where ρ is the charge density and  is the permittivity of the material,41 the potential
profile generated from an electron hologram can be used to determine the electric
field (slope of the potential), and charge density (curvature of the potential) at each
point of the sample.
Due to the principle of superposition, the total electric potential calculated is sim-
ply the sum of all contributing potentials.41 These additional potentials will include
the mean inner potential of the material, as well as the potential due to any charging
of the sample lamella by the electron beam, etc.42 Specimen charging can reduce or
even eliminate the specimen potential. Reducing or eliminating undesired potentials
is essential to ensuring that the potential measured by electron holography can be
directly related to the phenomenon of interest.
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2.2 Sample Preparation
In order to analyze the quality of AlGaN/GaN heterostructures or investigate
the failure mechanisms of HEMT devices, cross-sections of bulk samples need to be
thinned to electron transparency for TEM investigation. The two different prepara-
tion techniques implemented in this current study were wedge-polishing and in situ
lift-out using the focused ion beam (FIB). The relative advantages and drawbacks of
each technique are compared later in this chapter.
2.2.1 Wedge Polishing
Wedge polishing involves grinding a sample into the shape of a shallow wedge with
a narrow end that is preferably electron-transparent. This shape should ideally enable
a range of sample thicknesses that can then be used for analysis. This relatively quick
technique is most useful for planar samples where cross sections are of interest. A
major drawback of this preparation method is the fact that it is not site-specific.
When a specific device is intended for analysis, it can be very difficult to ensure that
the particular device is located in the thinned region.
Figure 2.5 shows a general outline of the process.43 Two sections of sample mea-
suring roughly 2 mm x 3 mm are cut from the bulk material. These sections, as
shown in Figure 2.5(a), are glued film side in to protect the surface. Using a series of
diamond lapping films of different grit size, the bulk of the material is polished away
from both sides. A slight (∼ 2o ) angle is used during the final steps to achieve the
wedge shape (2.5(c)). The goal is to polish the wedge down until the thinnest part
is electron-transparent. Figure 2.5(b) shows optical thickness fringes indicating that
the particular sample should be thin enough for TEM observation.
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Figure 2.5: Schematic outlining the steps involved in the wedge-polishing
process: (a) gluing and bulk thinning; (b) optical thickness fringes indicating
the proper thickness for TEM; and (c) final shape.43
2.2.1.1 Wedge Polishing Disadvantages and Issues
Since wedge polishing is done ex situ there are some complications and drawbacks.
The major disadvantage of wedge polishing is the inability to do site-specific study.
Nevertheless, some workers have reported being able to do so.44,45 Another disadvan-
tage is the sensitivity of the technique to the softness or brittleness of the material(s)
being polished. During this current study, it was often found that lamella had deep
gouges either from the SiC lapping film or due to pieces of the sample breaking off
and being dragged underneath the sample during polishing. Additionally, even after
careful polishing, further argon-ion-milling is often still needed to clean the sample
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surfaces. Moreover, the inability to create samples with uniform thickness excludes
this approach for many electron holography studies.
2.2.2 In Situ Lift-out by Focused Ion Beam
In situ lift-out with the focused ion beam resolves the problem of site specificity. In
this approach, it is relatively easy to select and prepare the area of interest for analysis.
The FIB uses a focused ion beam to cut away the sample region of interest and extract
it using a micro-manipulator. Latest FIB instruments are dual-beam systems that
combine a focused-ion-beam column with a scanning electron microscope (SEM). This
dual-beam system allows the operator to view the sample surface using the electron
beam while milling sections away with the ion beam, which helps to reduce total
ion damage to the final lamella. It has been shown, however, that there can still be
resulting damage to the exterior surfaces of the sample due to high energy ions.46
This damage can be alleviated by using lower energy ions for the final thinning. The
procedures developed and refined during the course of this dissertation research are
summarized in detail in the following pages, especially for the benefit of other workers
who might have similar applications in the future.
2.2.2.1 Preparation for Lift-out
Using a standard aluminum SEM stub with sufficient conducting adhesive (e.g., car-
bon tape, carbon paint) applied, affix the sample of interest securely. Once secured,
it is essential to apply a protective conducting coating to protect the sample surface
from ion-beam damage during subsequent steps and to prevent charging of insulating
samples. Carbon is most commonly used for these protective coatings but gold can
also be used. The disadvantages of gold are its high X-ray background and potential
for surface ion implantation due to sputter coating.
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Two methods of carbon deposition are commonly used. The most efficient is to
use a carbon evaporation chamber and apply a 3- to 6-nm-thick carbon coating to the
entire sample. The efficiency of this approach is due to the faster deposition time and
the need for it to only be done once. However, the carbon coating will obviously be
covering the whole wafer surface! The second and more tedious approach is to use the
in situ carbon-coater pattern application on the dual-beam FIB when available. The
carbon should be applied to the region of interest (ROI) to the desired depth using the
electron beam at either 2keV or 5keV. If the system does not execute carbon coating
patterns reliably then the carbon needle should be inserted, opened and the e-beam
window set to view mode at a magnification of 3000x to 5000x for ∼20-30min. This
procedure will coat the region in the field of view with sufficient carbon to protect
the sample surface from subsequent ion- and electron-deposition damage.
The following paragraphs briefly summarize the steps used to prepare many of
the samples studied in this dissertation.
A) Once the sample is placed in the FIB, a 50- to 100-nm-thick layer of platinum
should be applied over the ROI using the e-beam, typically at an energy of 5keV and
a current of 1.6 nA. The pattern normally used is the rectangle pattern with a length
of 5-15 µm, depending on the desired length of the final lamella, and a width of 2-1.5
µm. This layer protects the surface from Ga implantation during the later faster and
more energetic platinum deposition done using the ion beam.
B) Deposit 2-3 µm of platinum on top of the e-beam-deposited platinum using a
pattern of the same length and similar width (1-1.5 µm), with the ion-beam at 30keV
and 0.1 nA. This Pt layer serves as the main protective layer of the surface during
the later lift-out and thinning processes. Both the e-beam and ion-beam deposited
platinum layers are visible in Figure 2.6, which shows a cross-section of a sample after
FIB preparation has been completed.
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Figure 2.6: Typical view of a sample prepared by FIB lift-out. Sample con-
sists of homoepitaxialGaN/GaN growth by MBE using a thin AlN interfacial
layer. Labels indicate deposited Pt layers where I-Pt and E-Pt represent the
ion- and electron-beam platinum deposition, respectively. e-GaN and s-GaN
are the deposited and substrate GaN, respectively. The arrow indicates the
location of the thin AlN layer.
C) Remove material along each of the long sides of the platinum bar past the
depth of the ROI. This can be done using the cross-section pattern at 30 kV and 3
or more nA. It can also be achieved using a rectangle pattern with a 7nA current ion
beam to remove material extending 6µm away from the deposited bar and 0.5 µm
wider on either side to about half of the depth of the ROI.
D) A smaller rectangular pattern at a beam current of 3nA is then used to remove
the remaining material immediately adjacent to the bar, extending to the same width
but only out to 3µm from the bar and down 1µm or more past the depth of the ROI.
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This should leave the lamella under the platinum bar between two pits or trenches.
E) Once both sides of the lamella have been trenched, it should be cut out with
the ion beam. This must be done so that the side of the lamella closest to the needle
and the bottom of the lamella are cut free. The remaining side of the lamella is
partially cut creating a cantilever.
2.2.2.2 Lift-outs
Once the ROI has been trenched there are several different lift-out procedures. The
two in situ lift-out methods used in this work, traditional and backside, are described
in the following.
2.2.2.2.1 Traditional Lift-out
The calibrated micro-manipulator needle is inserted and moved to the free edge of the
lamella cantilever. The gas injection system (GSI) needle is then inserted. Contact
is then made between the micro-manipulator needle and the lamella. A platinum
deposition weld is created to secure the lamella to the needle. The lamella is then cut
free using the ion beam at 30 keV and 0.1nA. The freed lamella is gently lifted out of
the hole by the attached needle. The platinum deposition needle is then retracted, the
OmniProbe needle is sent to eucentric high (∼290µm above the eucentric position)
and the needle retracted. The OmniProbe grid is then brought into view and the
stage is re-calibrated. The needle, with the lamella still attached, is re-inserted and
brought near the desired mounting position. The platinum GSI needle is then inserted
and the lamella is landed on the grid post and welded again using the ion beam at 30
keV and 0.1nA. The ion beam is used to mill away the needle-lamella weld and the
needle is then maneuvered away from the lamella and retracted. The lamella is then
thinned to the desired thickness.
28
2.2.2.2.2 Backside Lift-out with the Omiprobe Short-Cut™ press
Before the needle is used for backside lift-out, the needle must be milled to create
a fork for added stability to the platinum needle-lamella weld. With the needle rod
properly rotated and the needle calibrated, a 0.8µm x 8µm rectangular pattern is lined
up from the end along the center axis of the needle in the ion view screen and milled.
A 3-µm-diameter centered circular pattern is placed on the needle barely overlapping
the end of the rectangular pattern opposite of the needle tip. When completed, the
needle end should resemble the nub of a fountain pen. This geometry allows the tines
of the fork to bend slightly when it slips over the lamella. The distance between
the tines needs to be measured as this distance changes after the circular pattern is
milled. This measurement is the target lamella width when preparing for lift-out.
Once the fork has been milled, the needle is rotated in the clockwise direction so
that the top view of the fork in the electron viewing screen resembles the top view of
the fork when it was being milled in the ion beam (looking directly down on the fork,
at approximately 90 degrees). The needle is then re-calibrated on the OmniProbe
software and then retracted.
The stage is moved such that the cut-out cross-section is centered. The forked
needle is inserted and moved to the eucentric high position (∼290µm above eucentric).
The stage is then rotated until the lamella is at the same angle as the needle with the
fixed end of the lamella positioned farthest from the needle. The needle is carefully
brought down and maneuvered such that the lamella is inserted between the tines
of the forked needle. The e-beam is used to platinum weld the needle to the top of
the lamella and the ion beam is then used to apply another weld to the side of the
lamella. The lamella is then cut free from the bulk using the ion beam. The needle is
gently lifted with the lamella attached using the Z-control until the lamella clears the
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trench walls. The needle is moved to eucentric high position, then to park position,
and finally retracted from the chamber.
The chamber is vented to remove the OmniProbe needle. While venting, the Short-
Cut™ press is prepared by removing the metal anvil from the apparatus and mounting
the Short-Cut™ press back-side coupon. The Omniprobe micro-manipulator shaft is
then removed from the FIB system. After the probe tip holder is removed, the probe
tip holder (with needle still inserted) is placed flat side down into the Short-Cut™
press block and locked in place. The anvil is then inserted into the press, the plastic
cover shut, and both buttons simultaneously depressed and held. Once the motor has
stopped, the buttons are released and the anvil removed.
The probe tip holder is then removed from the anvil, mounted onto the probe rod,
the needle replaced, and the assembly re-inserted into the FIB. The cylindrical Short-
Cut™ punch is used to separate the copper half-grid from the rest of the Short-Cut™
coupon. The vacuum tweezers are used to gently lift and mount the half-grid into a
vertical grid holder. The grid holder is placed into the chamber and the chamber is
pumped down.
Once the system is back under vacuum, the electron and ion beams are aligned
and the new needle calibrated. If successful, the lamella will be on the end of the tip
of the old needle and near or in the plane of the grid.
The lamella can then be thinned to the desired thickness and then placed directly
into the TEM for quicker turnaround. For more robust mounting, the lamella is lifted
off the old needle (now in the half grid), remounted onto a standard OmniProbe
grid and then thinned following the lift-out described below. The second option is
preferable since the geometry of the OmniProbe grids provide more protection from
platinum weld breaking compared to the Short-Cut™ half-grids.
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2.2.2.2.3 Remounting onto OmniProbe Grid
Following the normal procedure for lift-outs described above (section 2.2.2.2.1), the
new needle is mounted onto the lamella and the ion beam is used to detach the lamella
from the old needle.
Once the lamella is free, it is mounted onto the OmniProbe grid. The needle is
then detached and retracted. The e-beam and ion beam are used to apply protective
layers of platinum (∼100nm for e-beam and ∼1µm for ion-beam) to the now top of
the lamella. These layers assist in keeping a uniform top surface in order to avoid
ion-beam curtaining effects.
2.2.3 Additional Steps Needed for Electron Holography
When it is anticipated that electron holography observations will be made, some
further adjustments are needed in order to avoid complicating interpretation of the
holography data.
2.2.3.1 Requirements
When doing holographic studies, it is normally assumed that the sample in the ROI
is of uniform thickness. Moreover, a region of vacuum sufficiently close to the ROI is
necessary in order to obtain the reference beam.
2.2.3.2 Resolution
2.2.3.2.1 Uniform Thickness
Uniform thickness can be achieved most successfully for FIB-prepared lamella by
using the backside milling technique. This method starts in the same way as the in
situ lift-out method described above.
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In addition to the need to ensure uniformity of sample thickness for holography,
it is important that the specimen orientation relative to the incident beam direction
is constant across the field of view. Otherwise, additional variable phase changes
can be anticipated. It is standard practice when doing electron holography of device
structures to tilt the sample slightly away from the exact zone-axis condition in order
to avoid strong diffraction effects.
2.2.3.2.2 Vacuum Windows
Vacuum windows can be milled if needed so that the vacuum needed for holography
reference is sufficiently close to the ROI. If this is not the case, then proceed by
thinning the sample as usually done.
If vacuum windows are needed, use a cleaning cross-section pattern with ∼1nA
to clean off any re-deposition and to reveal any features of interest in the lamella.
Remove the half grid from the holder and mount it on an SEM stub prepared with
a narrow strip of carbon tape. Mount the half grid such that only a very small
portion of the grid is attached to the carbon tape to ensure easy removal. Over a
clean surface, carefully invert the SEM stub to ensure that the half grid is secure.
Insert the SEM stub containing the half-grid back into the FIB and use rectangle and
cleaning patterns to create vacuum windows near the ROI.
Return the half-grid to the vertical holder and thin to desired thickness.
Mention needs be made of the need to cut vacuum windows into the sample using
the FIB, usually just over the gate and near the source and drain regions. These
windows allow for convenient proximity to vacuum near the device features, which
is needed for creating the reference beam (see Figure 2.7). These windows must be
cut perpendicular to the lamella itself. The required geometry can be achieved by
mounting the OmniProbe half-grid with the partially thinned lamella onto an SEM
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Figure 2.7: TEM micrographs of AlGaN/GaN HEMT showing vacuum
windows milled to enable holographic analysis (bottom). For reference, a
similar complete HEMT device lamella is shown at the top.
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stub with carbon tape. When the bottom edge of the half-grid is affixed to the tape
then the grid will be secure enough to allow for moving the stub about and yet it
can be easily removed when the window is finished. Final thinning of the sample to
electron transparency can then be carried out after completion of this step.
An FIB thinning procedure is needed to reduce the amount of unwanted platinum
on electron holography samples without exposing the sample layer(s) of interest to
the ion beam. The problem here is that the technique of electron holography requires
an area of vacuum near the region of interest. Thus, removal of excess protective
platinum deposited during the FIB thinning is desirable. Selective removal of plat-
inum can be successfully accomplished, but the sample layers still suffer some damage
despite never being in direct view of the FIB ion beam. This procedure is beneficial
for samples with the region of interest (ROI) at or very close (< 0.5µm) to the sam-
ple surface. However, for samples that have ROI further from the sample surface (>
0.5µm), then vacuum windows must be cut in order to accommodate the reference
beam, as described above.
2.2.4 Potential Problems During FIB Sample Preparation
The strength of the FIB lies in the ability of the user to choose from where on
the wafer a specific cross section should be made. However, charged non-noble ions
can create some difficulties. Problems encountered during sample preparation are
addressed here and how they can be overcome are briefly described.
2.2.4.1 Plasma Clean
It is well documented in the literature that Ga deposits on the surface accumulate
when preparing GaN samples by FIB, and these create contrast differences in TEM
images.47,48 This mottling effect is clearly visible in Figure 2.8.
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Figure 2.8: Region of InAlN/N-Polar GaN heterostructure, as prepared by
FIB. Lattice fringes are visible, but the overall nebulous contrast over both
nitride regions originate from gallium nano-particles that have accumulated
on the sample surfaces during FIB thinning.
A suitable protocol is needed to remove these gallium nano-particles. Backside
argon ion-milling of the sample for a period of 10 minutes at an ion-beam energy of
2.0 keV after removal from the FIB, is usually sufficient to remove most of the Ga
particles. Even lower energy milling would be preferred if available. This additional
step in the sample preparation procedure results in much improved clarity of the
various layers and interfaces in both TEM imaging and electron holography studies.
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2.2.4.1.1 Precision Ion Polishing
Once the PIPS is properly aligned, then the lamella can be inserted into the tool with
the top surface of the sample facing the rear of the tool. The ion gun angles are then
set to +7°and -7°. Set the ion beam modulator to single mode and the ion guns to
2 keV. After the PIPS is pumped down and the sample dropped into position then
liquid nitrogen is added the PIPS to cool the sample. Once the sample has reached
equilibrium temperature (∼15-20 min) then both gun control switches are opened and
milling is done for 5 to 10 min. After milling is complete, the sample is raised but the
chamber is not vented until the lamella has reached room temperature (∼20-30 min).
This procedure has been followed for several of the samples in this study. However,
it was not used for all samples since the process of loading the Omniprobe half-grids
into the PIPS holder can be fatal to lamella.
2.2.4.1.2 Plasma Trimming
It has also been shown that the nebulous contrast can mostly be eliminated by using
a plasma trimmer for 10 min with a bias of 150V.49
2.2.4.2 Sample Charging
Serious problems with sample charging and carbon deposition must be overcome in
order to successfully produce cross-sectional FIB samples of HEMT devices. The stan-
dard thinning procedures for this sample preparation often fail due to non-conducting
regions of the sample that are needed for device functionality. The charging issue can
often be alleviated by creating a conductive path from the immediate region of the
device to the support stub using an FIB-deposited metallic strip, typically of ∼0.5-1.0
µm thickness. This action shorts out the non-conducting substrates that often cause
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charging issues during observation.
2.2.4.3 Lamella Bending
In addition to the need to ensure uniformity of sample thickness for holography stud-
ies, it is important that the specimen orientation relative to the incident beam direc-
tion is constant across the field of view. Otherwise, additional variable phase changes
can be anticipated. It is standard practice when doing electron holography of device
structures to tilt the sample slightly away from the exact zone-axis condition in or-
der to avoid strong diffraction effects. However, our recent experience of preparing
HEMT device cross-sections by FIB shows that strain between the various layers is
often liable to cause local bending along the length (10 microns or more) of the lift-out
when the sample is thinned too much. Shorter lift-outs could alleviate this unwanted
bending, although this choice of geometry will obviously sometimes compromise the
possibility to study all device features extending from source to drain using the same
sample lift-out.
Another approach used to solve the flexing issue is to mount long (∼10+ µm)
device cross sections in such a way that both ends of the lamella are held fixed. This
procedure greatly reduces the amount of bending in the lamella after final thinning.
Additionally, to further prevent bending, it became standard practice to do the final
thinning with a raster box at low kV instead of a cleaning cross-section box at 30kV.
This step prevented bending in two ways: first, the lower energy beam provides less
energy to the lamella as a whole; and second, the raster box limited local heating,
and subsequent bending, of the lamella since the ion beam remained at each specimen
location for much shorter durations.
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2.2.4.4 Lamella Charging
Finally, HEMT devices often have extensive amorphous nitride layers that are likely
to charge up when irradiated with the electron beam. Such charging, where present,
changes the measured electrostatic field. Deposition of a thin carbon layer, estimated
to be ∼5-10 nm thick, on the entire FIB-prepared specimen should become part of the
standard sample preparation procedure before holography studies are commenced.50
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Chapter 3
MICROSTRUCTURE OF MBE-GROWN HOMOEPITAXIAL N-POLAR
GaN-GaN AND InAlN-GaN FOR HEMT APPLICATIONS
The studies reported in this chapter were carried out in collaboration with Dr.
David Storm and colleagues from the Naval Research Laboratory (NRL) who were
responsible for the growth of homoepitaxial N-polar GaN layers by rf-plasma assisted
molecular beam epitaxy on freestanding GaN substrates and for InAlN materials.
Sample preparation and TEM analysis was done by the author. Results from this
collaborative research have been published.51,52,53
3.1 Introduction
The III-nitride material system has been extensively developed for use in high-
power and high-frequency device applications due to high breakdown voltages, high
mobility (µ), and high sheet charge density (ns) in these heterostructures. While
the bulk of the research has focused on Ga-polar high-electron-mobility transistors
(HEMTs), significant interest in N-polar HEMTs has recently emerged due to po-
tential advantages for highly-scaled high-frequency devices. For Ga-polar HEMTs,
the gate-channel distance is determined by the barrier layer thickness. As the gate-
channel thickness is scaled down to avoid short-channel effects, ns decreases due to
surface depletion and electrostatic effects. In N-polar HEMTs, as the GaN channel-
layer is scaled down and ns decreases, the barrier design can be modified to maintain
high ns in order to provide high drain current and low parasitic access resistance. In
addition, the high band-gap barrier layer located below the channel acts as a natu-
ral back-barrier, improving gate control over the channel and reducing short-channel
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effects, as well as leading to lower contact resistance.54,55,56 The studies described
here have concentrated on the deposition of GaN and InAlN on N-polar GaN and
fabrication of N-Polar InAlN-based HEMT devices.
3.1.1 Sample Growth
The samples used for the interfacial oxygen study were grown at NRL in a Vacuum
Generators V80H MBE system equipped with reflection-high-energy electron diffrac-
tion (RHEED). The samples for the other two studies were also grown at NRL but in
a Omicron PRO-75 PAMBE system. Both MBE systems were equipped with a Veeco
Unibulb RF plasma source for generating active nitrogen supplied with ultra-high pu-
rity (99.9999%) nitrogen which was further purified by an in-line filter. Dual-filament
Ga and Al effusion cells were used in the V80H system and dual-filament Ga, Al and
In effusion cells and a standard Be effusion cell for compensation doping were used
in the PRO-75 system. The substrate temperature during epitaxial layer growth was
monitored by a thermocouple mounted inside the substrate heater.
The N-polar GaN:Fe substrates that were used for all studies described in this
chapter were supplied by Kyma Technologies, and were grown in a vertical HVPE
reactor at atmospheric pressure. Nominal iron doping concentrations of ∼ 2−3×1018
cm−3 were used to produce semi-insulating material with resistivities greater than
∼106 Ωcm.57 The substrate cleaning procedure, which has been demonstrated to
produce smooth, debris-free surfaces, has been described elsewhere.57,58 C-polar SiC
substrates were also used in the InAlN HEMT study described later in section 3.4.
3.2 Interfacial Oxygen
Several groups have reported device results from structures grown on sapphire,
SiC, and freestanding GaN substrates.54,57,59,60,61,62 In particular, N-polar high elec-
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tron mobility transistors (HEMTs) may benefit from lower ohmic contact resistance
and a built-in back barrier compared to conventional metal-polar devices. However,
the N-polar surface of GaN is more chemically reactive than the Ga-polar surface,
and epitaxial GaN layers grown with N polarity typically contain one to two orders
of magnitude greater concentrations of oxygen (a shallow donor in GaN) than simi-
larly grown Ga-polar layers.63,64 The combination of enhanced sensitivity to chemical
etching by acids or bases, which may be used to clean the surface, and a tendency
to readily adsorb oxygen, makes the growth of high quality N-polar GaN epitaxial
layers on GaN substrates challenging, although the apparent resistance of the N-polar
GaN surface to thermal roughening57 provides an avenue for high-temperature clean-
ing which is not possible for Ga-polar surfaces.65 A means to reduce the amount of
oxygen present on the surfaces of freestanding GaN substrates by more than 90%
has been reported,58 using a variation of the Ga deposition and desorption technique
first described by Khan et al.66 and Brandt et al.67 In addition, a mechanism has
been identified for oxygen segregation from an adsorbed surface layer and incorpo-
ration during N-polar GaN growth, which accurately describes the oxygen impurity
concentrations measured by secondary ion mass spectroscopy(SIMS).58 This section
investigates how oxygen on the surfaces of N-polar freestanding GaN substrates af-
fects the microstructure of homoepitaxial GaN layers grown by rf plasma-assisted
molecular beam epitaxy (rf-MBE).
3.2.1 Experimental Details
3.2.1.1 Epitaxial Growth
After loading into the ultra-high vacuum MBE system, the wafers were first out-gassed
in the preparation chamber at 700 ℃ for 30 min, then allowed to cool, transferred to
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Table 3.1: Sample ID; number of cycles of Ga deposition and thermal
desorption performed prior to growth; presence (Y) or absence (N) of ultra
thin AlN nucleation layer; and residual sheet densities of oxygen and carbon
present at regrowth interface.
Sample ID Ga Cycles 15-A˚ AlN (Y/N) [O]sh (ML) [C]sh (ML)
A 0 Y 0.5 0.02
B 3 N 0.14 0.02
C 3 Y 0.08 0.004
D 10 Y 0.03 0.001
the growth chamber, and finally heated to the growth temperature (approximately
715 ℃) over 35 min. Each of the substrates exhibited a faint 1 ×3 reconstructed
RHEED pattern, indicative of the N-polar GaN surface.
The epitaxial layers were grown identically except for the details of the final sub-
strate preparation and initiation of growth, which are summarized in Table 3.1. Sam-
ple A was grown with no further substrate preparation other than an initial ultra-thin
(15 A˚) AlN nucleation layer (NL) grown immediately prior to growth of the N-polar
GaN epitaxial layer. Previous investigations have demonstrated that high-quality,
N-polar GaN may be grown on ultra-thin AlN NLs on freestanding GaN.57 Sample
B was grown on a substrate wafer which was subjected to three cycles of Ga depo-
sition at ∼ 730 ℃ and subsequent desorption at ∼ 815 ℃, as described more fully
elsewhere.58 Sample C was grown with the combination of three cycles of Ga deposi-
tion and desorption as well as the ultra-thin AlN NL. Finally, Sample D was grown
identically to Sample C with the exception that it was subjected to 10 cycles of Ga
deposition and desorption prior to growth.
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Epitaxial growth was initiated by first exposing the substrate to the N plasma
for 60 s, then opening the Ga (Sample B) or Al (Samples A, C, and D) shutter.
The nitrogen plasma conditions were fixed at 325 W and 1.1 sccm (standard cubic
centimeters per minute) for the duration of each sample growth. The GaN growth rate
was ∼1.2 A˚/s. The AlN NLs were grown for 45 s with an approximate Al-to-active
N flux ratio of 1/3. The growth of each GaN layer consisted of 15 repeats of 10 min
of growth separated by a 2-min growth interrupt, during which only the Ga shutter
was closed. The RHEED intensity was monitored during growth and was observed to
brighten during the interrupts, commencing between 0 and 60 s after the Ga shutter
was closed and saturating after an additional 20 - 30 s. These observations indicated
that the ratio of the Ga flux to the active N flux was between 1.0 and 1.2, and that
the GaN surface was free of excess Ga when the Ga shutter was reopened and GaN
growth was resumed. After the final interrupt, growth was terminated by turning off
the N plasma source and reducing the substrate heater power. Upon removal from
the MBE system, the as-grown surfaces of all samples were observed to be free of Ga
droplets.
3.2.1.2 Electron Microscopy
Bright-field and HRTEM studies of the samples were performed in both [1 1¯ 0 0] and
[1¯ 1¯ 2 0] projections. The samples were prepared for cross-section observations with
an FEI Nova 200 FIB system using the procedures described in Chapter 2, with final
thinning done using argon-ion-milling at 2.5 keV to minimize surface amorphization.
Observations were made using a JEM-4000 EX operated at 400 keV and a Philips-
FEI CM200 operated at 200 keV. Secondary ion mass spectroscopy (SIMS) was also
performed; these results have been reported elsewhere.58
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Figure 3.1: Cross-sectional transmission electron micrograph of Sample
A, which was grown by Ga deposition and thermal desorption without any
surface cleaning prior to growth. The highly defective MBE-grown GaN
layer is visible above the N-polar HVPE-grown GaN substrate. The arrow
indicates the location of an isolated defect-free region in the epitaxial GaN
layer. The thin faint line of brighter contrast between the MBE-grown GaN
and the HVPE GaN substrate corresponds to the location of the ultra-thin
(15 A˚) AlN nucleation layer. Protective layers of amorphous C and Pt grown
by focused-ion-beam (FIB) are visible above the MBE GaN layer.
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Figure 3.2: High-resolution transmission electron micrograph of the inter-
facial region of Sample A between the HVPE-grown GaN substrate and the
defective MBE-grown GaN shown in Fig. 3.1. Note the rough and indistinct
interfaces above and below the AlN nucleation layer.
3.2.2 Experimental Results
Cross-sectional TEM micrographs of Sample A reveal a nearly uniform but highly
defective GaN layer (see Fig. 3.1). The regrowth interface is clearly identifiable as the
boundary between the defective MBE-grown region and the HVPE-grown substrate.
Interestingly, a small region of defect-free growth, several hundred nanometers
wide, is visible near the center of Fig.3.1. Closer inspection of the regrowth interface
between this defect-free region and the HVPE-grown GaN substrate reveals a con-
tinuous, flat, and well-defined interfacial layer. In contrast, the regrowth interface
between the defective region and the substrate appears indistinct and rough across
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Figure 3.3: Cross-sectional transmission electron micrograph of Sample B.
The arrows mark the location of the interface between the MBE-grown GaN
epitaxial layer and the HVPE-grown GaN substrate.
a region of approximately 5 nm in thickness, as shown at higher magnification in
Fig.3.2. Furthermore, the AlN NL is not well defined.
Cross-sectional TEM micrographs of Sample B, which underwent three cycles of
Ga deposition and desorption immediately prior to growth but without any AlN
NL, reveal a GaN layer in which only isolated extended defects are generated at the
regrowth interface over lateral distances of several microns (Fig. 3.3). The regrowth
interface is barely visible in any micrographs, reminiscent of Ga-polar homoepitaxial
layers grown on freestanding substrates.68
In contrast, TEM micrographs of Sample C, which underwent three Ga deposition
and desorption cycles prior to growth and contained an ultra-thin AlN NL, indicate
that no threading dislocations are generated at the regrowth interface (Fig.3.4), de-
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Figure 3.4: Cross-sectional transmission electron micrograph of Sample C.
The AlN nucleation layer, marked by the white arrow, appears as a line of
contrast between the MBE-grown epitaxial GaN layer and the HVPE-grown
GaN substrate. No threading dislocations are observed to be generated at
the regrowth interface. FIB protective layers of amorphous C and Pt are
visible above the MBE GaN layer in the top left of the image.
spite the presence of the highly strained AlN layer. High-resolution images of the
regrowth interface reveal a sharp and coherent interface separating the layers, al-
though some lattice strain is still apparent (Fig.3.5). Likewise, the micrographs of
Sample D (Fig.3.6), which underwent 10 cycles of Ga deposition and desorption prior
to growth, and also contained an ultra-thin AlN nucleation layer, similarly exhibit an
absence of threading dislocations generated at the regrowth interface.
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Figure 3.5: High-resolution cross-sectional transmission electron micro-
graph of the interfacial region of Sample C showing the MBE-grown GaN
epitaxial layer, the ultra-thin AlN nucleation layer and the HVPE-grown
GaN substrate.
3.2.3 Discussion
These results indicate that epitaxial GaN layers of high crystal quality can be
grown on N-polar substrates when they are subjected to three or more cycles of Ga
deposition and desorption immediately prior to growth. SIMS measurements indicate
that such pre-growth treatment removes 70% to 90% of the oxygen from the surface
of the substrate.58 Without such treatment, as much as ∼0.5 monolayer of oxygen
can still be present on the N-polar GaN substrate surface even after extensive ex situ
cleaning and in situ outgassing.57 Thus, it can be inferred that defective N-polar GaN
growth results from the presence of excessive amounts of oxygen on the N-polar GaN
surface, as was the case with Sample A. While it is possible that defective growth is
caused by the presence of other impurities, such as Si or C, which are also removed by
the Ga deposition and desorption treatment, the effect of this cleaning procedure is
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C
Figure 3.6: Cross-sectional transmission electron micrograph of Sample D.
The location of the AlN nucleation layer, marked by the large white arrow,
is visible as a faint line between the MBE-grown epitaxial GaN layer and the
HVPE-grown GaN substrate. No threading dislocations are generated at the
regrowth interface. FIB protective layers of amorphous C and Pt are visible
above the MBE GaN layer.
greatest with oxygen. Hence, it is believed that oxygen is the most likely candidate to
affect the crystal quality of the MBE-grown layer. While the exact threshold surface
density of oxygen for the onset of defective GaN growth cannot be determined, SIMS
analysis performed on these samples indicated a residual sheet density of oxygen at
the regrowth interface of ∼0.5 monolayer (ML), 0.14 ML, 0.08 ML, and 0.03 ML for
Samples A, B, C, and D, respectively, as shown in Table 3.1. In addition, none of the
electron micrographs from any of the four samples showed visible indications of the
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location of the growth interrupts, while SIMS analysis indicated that the sheet density
of oxygen present at the positions of these growth interrupts never exceeded ∼0.025
ML. Finally, SIMS analysis of N-polar GaN layers described elsewhere57 indicated
residual oxygen sheet densities of 0.25 — 0.5 ML at regrowth interfaces if neither Ga
deposition and desorption nor an ultra-thin AlN NL growth were employed. All of
those layers were investigated by cross-sectional TEM and each exhibited threading
dislocations.57 Thus, it is concluded that in order to obtain homoepitaxial GaN layers
of high quality for growth by rf-plasma assisted MBE, it is necessary to reduce the
sheet density of oxygen remaining on the surface of the N-polar substrate to less than
∼0.15 ML.
It is remarkable that the residual oxygen sheet density at the regrowth interface
is nearly twice as great in Sample B, which has no AlN NL, as in Sample C, which
does have one (0.14 ML vs. 0.08 ML, respectively). Given the tendency of Al to
bind with O, one might reasonably expect the residual oxygen density to be greater
in Sample C. It is speculated that the amount of oxygen originally present on the
substrate surface prior to growth of Sample C was on the low end of the range noted
above (i.e. ∼0.25 to ∼0.5 ML) while that of Sample B was closer to the high end. A
70% reduction in the oxygen sheet density due to three cycles of Ga deposition and
desorption alone would then result in the observed residual oxygen densities of both
samples, thereby eliminating any effect of the AlN nucleation layer on the oxygen
density at the regrowth interface. Further investigation is needed to confirm this.
The SIMS measurements indicated that the sheet density of carbon present at the
regrowth interface of Sample B was essentially the same as for Sample A, but five
times higher than for Sample C, and 20 times higher than for Sample D (Table 3.1). It
is speculated that carbon may volatilize in the N atmosphere in a process accelerated
by Al during the growth of the AlN NL. It is further speculated that the carbon is
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mostly contained in a layer which is initially covered by a second layer of adsorbed
oxygen. If the oxygen adlayer is not removed first, then growth of the AlN NL will
not disturb the carbon-containing layer. Instead, the AlN NL could be reasonably
expected to simply bury the oxygen adlayer, leaving it and the underlying carbon-
containing layer in place. This is consistent with the observation that the ultra-thin
AlN NL appeared to have no beneficial effect on Sample A. By removing the oxygen
adlayer on top, Ga deposition and desorption may expose the underlying carbon,
which is then volatilized during the AlN growth. As long as the AlN layer is very
thin, and if the underlying GaN substrate surface is sufficiently free of oxygen, the
AlN NL will remain coherently strained to the GaN lattice. Subsequent GaN layers
may then grow essentially homoepitaxially. In previous investigations of ultra-thin
AlN/GaN HEMTs, AlN layers as thick as 3 nm grown on GaN exhibited no evidence
of relaxation.69 Thus, it is reasonable to expect that high-quality GaN can grow on
15A˚-thick AlN layers, which in turn are grown on sufficiently clean GaN surfaces.
3.2.4 Conclusions
The microstructure of rf-plasma MBE-grown N-polar GaN epitaxial layers on free
standing N-polar GaN substrates subjected to several cycles of Ga deposition and
desorption prior to growth has been investigated. In addition, the effect of an initial
ultra-thin (15A˚) AlN nucleation layer on the microstructure of the subsequent GaN
layer has been studied. Epitaxial layers grown directly on the freestanding substrate
after three cycles of Ga deposition and desorption exhibited only isolated threading
dislocations. When an ultra-thin AlN layer was used in conjunction with three or ten
cycles of Ga deposition and desorption, no threading dislocations were observed to
have been generated. In contrast, epitaxial layers grown without initial Ga deposition
and desorption exhibited a high density of threading dislocations even when grown on
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an initial ultra-thin AlN layer. SIMS analysis indicated that the presence of threading
dislocations in the epitaxial GaN layers was most strongly correlated with the presence
of oxygen in these layers, and that it was necessary to reduce the amount of oxygen
remaining at the interface below ∼0.15 ML to completely suppress the generation
of threading dislocations. The formation of threading dislocations was suppressed
by using at least three cycles of Ga deposition and desorption combined with an
ultra-thin AlN nucleation layer to remove much of the oxygen present on the surface.
3.3 InAlN Growth
Development of the III-N material system has opened up a range of new device
applications, from high-frequency high-power transistors to light-emitting and laser
diodes operating from the UV through green spectral regions. InxAl1−xN has recently
received increasing attention for next generation device applications because it can
be grown lattice-matched to GaN for x ∼0.18.70 The high refractive index contrast
of InAlN with GaN makes it attractive for use in distributed Bragg reflectors or as a
cladding layer in laser diodes, and the large spontaneous polarization contrast between
InAlN and GaN gives rise to high sheet charge densities ns in high-electron-mobility
transistors (HEMTs).70,71,72,73,74 This large spontaneous polarization contrast is par-
ticularly useful in highly-vertically-scaled HEMTs with thin barrier/channel layers
to compensate for decreases in ns. The reduction in sheet resistance Rs in the ac-
cess regions resulting from increased ns also reduces the on-resistance and increases
extrinsic transconductance gm.
N-polar HEMTs have several advantages for high-frequency operation relative to
standard Ga-polar devices. The inverted polarization direction requires growth of
the wide band-gap barrier layer below the GaN channel, providing a natural back
barrier and improved gate control of the channel, as well as enabling reduced contact
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resistance.54,61 N-polar devices also have an additional degree of design freedom
due to decoupling of the barrier thickness and the gate-to-channel distance. As the
GaN channel thickness is reduced to prevent short channel effects for high-frequency
operation, the barrier can be modified to compensate for lost channel charge.
Plasma-assisted molecular beam epitaxy (PAMBE) has several advantages for the
growth of III-N HEMTs, including growth of abrupt, pure AlN interlayers (ILs)75 be-
tween the barrier layer and channel to reduce barrier-related alloy scattering.74,76,77
Thin nominally AlN layers grown by metalorganic chemical vapor deposition can
contain more than 40 % GaN,75 while AlN ILs grown by ammonia-MBE have to be
grown at a low temperature to achieve pure AlN.78 Conversely, InAlN layers grown by
PAMBE have historically shown several nonideal microstructures, including lateral
compositional inhomogeneity,70,79,80 vertical compositional inhomogeneity,81 and even
a polycrystalline transition for 200-nm-thick InAlN layers.82 More recently, InAlN
layers grown under excess N-flux, and at temperatures above the onset of In evapo-
ration, have shown homogeneous composition for thin, lattice-matched In0.18Al0.82N
layers.77,83,53,84
This work investigates the role of InN fraction in InAlN on compositional inho-
mogeneity and the separate effects of N-rich and high temperature InAlN growth.
Increasing layer thickness is used as a test of the stability of the surface morphology
and microstructure for high-temperature InAlN growth. A 100-nm-thick In0.18Al0.82N
layer is used as the barrier layer in an N-polar HEMT to confirm that these thick
layers can be grown with device quality.
3.3.1 Experiment
Before growth, a three-period Ga deposition and desorption process at a constant
substrate temperature Ts =745 ℃ was used to remove excess adsorbed O from the
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growth surface and prevent generation of new threading dislocations at the regrowth
interface as described in section 3.2.51,58 The Ga shutter was opened for 90 s followed
by a 120 s interrupt, with complete Ga desorption occurring after about 90 s, as indi-
cated by an increase in reflection high-energy electron diffraction (RHEED) intensity.
All temperatures were estimated from the heater thermocouple and calibrated against
Ga-desorption transients measured using RHEED.85 Growth was initiated with a 1-
min N-plasma exposure followed by a GaN buffer layer grown under slightly Ga-rich
conditions at 730 ℃, employing a 1-min growth interruption after every 5 min of
growth to prevent Ga accumulation. Following the growth of the GaN buffer layer,
growth was interrupted for 5 min to allow desorption of any remaining Ga and to
ramp the substrate temperature down to the InAlN growth temperature.
A series of 30-nm-thick InxAl1−xN thin film samples was grown varying the In
flux ΦIn between 0.13, 0.16, and 0.36 nm
−2s−1, with fixed ΦAl = 0.73 nm−2s−1,
giving expected x = 0.14, 0.18, and 0.33. The ΦIn was chosen to give one sample
that was tensile strained but without cracking of the epitaxial layer, one sample
that was near the lattice-matched condition, and one sample that was compressively
strained (with ΦIn low enough to avoid formation of In droplets). For the InAlN
layers, ΦN∗ was 2.36 nm−2s−1, and Ts was 500 ℃, at least 100 ℃ below the onset
of In evaporation.76,84 The ΦN∗ flux was calculated from the thickness of a Ga-
rich GaN calibration sample measured by x-ray diffraction (XRD), and ΦIn and ΦAl
were estimated from XRD measurements of layer thickness and composition of N-
rich InAlN samples. An additional 50-nm-thick In0.18Al0.82N sample was grown at
higher temperature with Ts = 650 ℃, about 50 ℃ above the onset of In evaporation.
ΦIn was increased to 0.65 nm
−2s−1 (ΦIn/group-III ratio = 0.47, III/V ratio = 0.58)
to compensate for In lost to evaporation and to produce a lattice-matched sample
comparable with the low temperature lattice-matched sample. The unintentionally-
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Figure 3.7: Schematic of epitaxial layers of: (a) InAlN/GaN test structure
used for the ΦIn, temperature and InAlN thickness series, and (b) HEMT
barrier thickness series.
doped (UID) GaN buffer layer thickness for the InAlN thin film samples was 150 nm,
as shown in Fig. 3.7(a).
The 100- and 200-nm-thick In0.18Al0.82N samples were grown with the same growth
conditions as the 50-nm-thick high-temperature sample to form a high-temperature
thickness series. Theoretical predictions indicate that lattice-matched InAlN is grown
within the miscibility gap for typical temperatures used in any conventional epitaxial
growth technique.86 Examining the morphology and microstructure of InAlN films
for progressively thicker samples provides some insight into the kinetic stability of the
InAlN films under a particular set of growth conditions. The longer growth times of
the thicker films allow any instabilities at the growth front with increasing thickness
to become more apparent.
All InAlN thin film samples were characterized by NRL resarchers using a Rigaku
Smartlab high-resolution XRD system with a rotating-anode x-ray source, four-bounce
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Ge (220) monochromator, and a scintillator detector with 0.25-mm incident and re-
ceiving slits. Composition and thickness were calculated by fitting a measured 0002
2θ/ω scan with a dynamical diffraction simulation.87,88 Surface morphology was mea-
sured using a Bruker Dimension FastScan atomic force microscope (AFM). Selected
samples were characterized by cross-section transmission electron microscopy (TEM)
using a Philips-FEI CM 200 operated at 200 kV for imaging, and an FEI Nova 200
focused-ion-beam system was used for TEM sample preparation.
3.3.2 Results and Discussion
3.3.2.1 ΦIn series
XRD measurements for the 30-nm-thick films from the ΦIn series grown at low tem-
perature (500 ℃) shown in Fig. 3.10(a) provided measured InxAl1−xN compositions
x of 0.14, 0.18, and 0.31 for ΦIn of 0.13, 0.16, and 0.36 nm
−2s−1, respectively.52 As
reported previously, the composition of N-rich InAlN grown at low temperature can
be predicted by the ΦIn /group-III ratio.
84 Pendello¨sung fringes are present for the
x =0.14 and 0.18 samples, indicating good interfacial abruptness. The InAlN XRD
peak for the x =0.31 sample is less distinct and had no fringes, indicating degrada-
tion of crystal quality. AFM micrographs shown in Figs. 3.8(b) to (d) indicate a
fairly smooth quasi-3D morphology typical of N-rich III-N PAMBE growth. The rms
roughness increases monotonically with increasing InN fraction and does not appear
to be related to the sign of the strain (tensile/compressive).
TEM cross-sectional micrographs of the samples in the low temperature ΦIn series
are shown in Fig. 3.9. Striations indicative of lateral compositional inhomogeneity
are present in the samples with x =0.14 and 0.18, and are qualitatively more severe
for x =0.18. As previously observed,82 lateral inhomogeneity in these samples does
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Figure 3.8: (a) XRD 0002 2θ/ω scan of samples with varying ΦIn with
the calculated InxAl1−xN composition x as shown. AFM measurements of 2
× 2 µm2 showing the surface morphology of low-temperature samples grown
with an InxAl1−xN compositions x of: (b) 0.14, (c) 0.18, (d) 0.31. The rms
roughness averaged over three 5 × 5 µm2 scans is shown in the inset.52
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Figure 3.9: Cross-sectional TEM micrographs of low temperature (500 ℃)
grown N-rich InAlN samples with InxAl1−xN composition x = (a) 0.14, (b)
0.18, and (c) 0.31.
not detrimentally impact the Pendello¨sung fringes seen in Fig. 3.8(a). The sample
with x =0.31 shows much more severe lateral phase segregation, which is likely to be
responsible for broadening of the InAlN XRD peak visible in Fig. 3.8(a).
3.3.3 Effects of Growth Temperature
AFM and TEM micrographs comparing the low (500 ℃) and high temperature
(650 ℃) In0.18Al0.82N samples are shown in Fig. 3.10. The In fraction for the high
temperature film was measured from the XRD measurement shown in Fig. 3.11(a).
The surface morphology has transitioned from quasi-3D to 2D with increasing growth
temperature and shows evidence of a step-flow growth mode. The change in morphol-
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Figure 3.10: AFM micrographs of (a) low temperature (500℃), and (b)
high temperature (650℃) In0.18Al0.82N samples. TEM micrographs of (c) low
temperature, and (d) high temperature In0.18Al0.82N samples.
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ogy is correlated with homogeneous composition, as shown in Fig. 3.10(d). Previous
reports attributed the elimination of lateral compositional inhomogeneity to both
N-rich and high temperature growth.83 These current results indicate that lateral
compositional inhomogeneity is still present in low-temperature-grown N-rich InAlN,
and that the growth temperature increase (and concomitant increase in ΦIn) is re-
sponsible for eliminating lateral compositional inhomogeneity.
The improvement in InAlN homogeneity is likely related to an increase in Al
adatom diffusion length on the growth surface due to both higher substrate tem-
perature and the presence of an In wetting layer on the surface, similar to the Ga
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Figure 3.11: (a) XRD diffraction 0002 2θ/ω scans of the high temperature
(650℃) thickness series and (b) 1¯015 asymmetric RMS of the 200-nm-thick
InAlN sample.52
wetting layer present during metal-rich GaN growth.89 The existence of such an In-
intermediate growth regime has been reported previously,90 and an In wetting layer
is plausible, given the excess ΦIn supplied at high temperature to maintain the InAlN
composition. The stability of an In wetting layer under N-rich growth conditions is
supported by the observation of In droplet formation under N-rich conditions.84,91
3.3.4 Conclusions
The role of InN alloy fraction, growth temperature, and layer thickness on the
morphology and microstructure of N-polar InxAl1−xN thin films grown N-rich has
been investigated. At low temperature, the microstructure showed evidence of lateral
compositional inhomogeneity for samples with x =0.14-0.31, which worsened with
increasing InN alloy fraction. Thin films grown at high temperature (650 ℃) showed
homogeneous composition and smooth surface morphology, indicating that the ele-
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vated growth temperature is responsible for the improved compositional uniformity.
Lattice-matched In0.18Al0.82N films showed negligible degradation in morphology and
microstructure.
3.4 InAlN-based HEMT
As mentioned in Section 3.1 N-polar HEMTs have several advantages over their
Ga-polar counterparts. The ability to scale down the channel-layer and maintain
high ns by modifying the barrier design not only provides high drain current and
low parasitic access resistance, but additionally, the high band-gap barrier layer lo-
cated below the channel acts as a natural back-barrier, improving gate control over
the channel and reducing short-channel effects, as well as leading to lower contact
resistance.54,92,56
The potential advantages for highly scaled high-frequency devices. In recent years,
the III-nitride material system has been extensively developed for use in high-power
and high frequency device applications due to high breakdown voltages, high mobil-
ity (µ), and high sheet charge density (ns) in these heterostructures. While most
of the research has focused on Ga-polar oriented high-electron-mobility transistors
(HEMTs), significant interest has recently emerged for N-polar oriented HEMTs .
For Ga-polar HEMTs, the gate-channel distance is determined by the barrier layer
thickness. As the gate-channel thickness is scaled down to avoid short-channel effects,
ns decreases due to surface depletion and electrostatic effects.
HEMTs employing InxAl1−xN as the barrier material offer advantages over both
conventional AlGaN and AlN barriers. InAlN-based devices have much higher ns
relative to AlGaN due to higher total polarization, and can be grown lattice-matched
to GaN for x ≈ 0.17.70 Lattice-matched InAlN-based devices avoid reliability is-
sues associated with the inverse piezoelectric effect,93 and remove the strain-limited
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barrier-thickness constraint, which is about 4-6 nm for AlN.94,95 High ns is desirable
in scaled HEMTs to offset the loss of ns due to surface depletion effects as the channel
thickness is scaled down. It also allows reduced parasitic access resistance, enabling
larger source-drain spacing for the same access resistance and thereby increased lateral
breakdown voltages.
As ns increases from less than 5×1012 cm−2 up to approximately 1×1013 cm−2, µ
tends to increase due to screening of charged scattering centers, such as dislocations,
ionized impurities, remote charge, and remote surface roughness.94,96 At higher ns,
optical and acoustic phonon scattering and interfacial roughness scattering cause µ to
level out and eventually decrease. The ns limits of the high µ plateau region depend
on the dislocation density, surface and interfacial roughness, and channel thickness,
among other factors. The µ vs ns profile typically flattens around 1×1013 cm−2, and
µ can remain high for ns up to 2-3×1013 cm−2.94,96 However, high ns increases the
threshold voltage (VT) and can lead to premature breakdown at the drain side of the
gate, due to reduction in the lateral gate-depletion width and subsequent increase
in the gate-drain electric field for a given gate-drain voltage.97 Thus, it is desirable
to have the ability to tune ns over the range of 1-3×1013cm−2, depending on the
application, while maintaining high µ.
3.4.1 Background
The ability to set the InAlN barrier composition to lattice-match GaN is one of
the primary advantages of InAlN-barrier HEMTs. Aside from barrier composition,
there are several other epitaxial design parameters that can be used to tailor ns and
maximize µ, including the barrier thickness, cap layer composition and thickness, and
AlN and GaN interlayer (IL) thicknesses. A study of the last effect is described here
while the others are presented elsewhere.53
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AlN ILs are frequently used to improve µ in both Ga- and N-polar InAlN-based
HEMTs.74,76,77 The AlN IL reduces alloy scattering in the barrier by reducing or
eliminating the overlap of the 2DEG with the barrier, while having no alloy scat-
tering in the pure AlN IL. One of the main advantages of plasma-assisted molecular
beam epitaxy (PAMBE) relative to NH3-molecular beam epitaxy (MBE) and met-
alorganic chemical vapor deposition (MOCVD) is the ability to produce pure AlN
ILs,75 although pure NH3-MBE-grown AlN ILs grown at a reduced substrate tem-
perature have recently been reported.78 The high Ga-content of MOCVD-grown AlN
ILs typically limits the useful IL thickness to less than 1 nm,101 likely due to alloy
scattering in the Al(Ga)N IL itself. GaN ILs, inserted between the barrier layer and
the AlN IL, have also been shown to improve mobility.92,77 Several mechanisms have
been cited for the µ increase, including further reduction of alloy scattering and pro-
tection of the InAlN surface during growth interruption.92,77 This work is a part of
a study on the impact of InAlN barrier thickness, AlyGa1−yN cap composition, and
AlN and GaN IL thicknesses in order to effectively tune ns while maintaining high µ.
3.4.2 Experiment
Prior to growth, three cycles of Ga deposition and desorption were used to remove
oxygen adsorbed on the surface as described in section 3.2.58,102 Growth was initiated
by a 1-min nitrogen plasma exposure. Samples grown on SiC substrates utilized a 70-
nm-thick AlN nucleation layer and 600-nm unintentionally doped (UID) GaN buffer
layer. Samples grown on GaN substrates had a 1-nm-thick AlN nucleation layer
followed by a 700-nm GaN buffer layer consisting of 10-nm GaN with [Be]=3×1019
cm−3, 340-nm GaN with [Be]=1×1019 cm−3, 150-nm GaN with [Be]=1×1017 cm−3
and a final 200 nm of UID GaN. The GaN buffer was grown in the Ga-accumulation
regime, and growth was interrupted for 1 min for every 5 min to thermally desorb
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any excess Ga and prevent the formation of Ga droplets.
Following the UID GaN layer, the growth was interrupted for 5 min to desorb the
remaining Ga and ramp the substrate temperature from the GaN growth tempera-
ture of 730 ℃ to the InAlN growth temperature of 650 ℃. The layer temperature
was estimated from a thermocouple mounted behind the substrate heater and cali-
brated using Ga-desorption transients.85 A high In/group-III flux ratio of 0.47 was
used to compensate for In loss resulting from growth at temperatures well above the
onset of In evaporation. The high growth temperature combined with N-rich growth
conditions avoids the InAlN “honeycomb” microstructure previously observed for
PAMBE,70and leads to smooth and homogeneous InAlN layers.84,83 Further char-
acterization results including x-ray diffraction (XRD) and atomic force microscopy
(AFM), of InAlN layers grown under the same growth conditions used in this study
can be found elsewhere.84 The InAlN barrier was followed by a GaN IL (if applica-
ble), an AlN IL, a GaN channel and an AlyGa1−yN cap (if applicable), all grown at
the InAlN barrier growth temperature. The Ga shutter was opened during AlN IL
growth to improve the AlN interfacial quality using Ga as a surfactant.83 Separate
Al effusion cells were used for the InAlN barrier and AlN IL, allowing the AlN IL to
be grown directly on the InAlN barrier (or GaN IL) without a growth interrupt. All
structures in this study utilized an InxAl1−xN barrier with x=0.173±0.005 as verified
by high-resolution XRD measurements. A full epilayer schematic is shown in Fig.
3.12. The initial baseline structure consisted of a 15-nm InAlN barrier, a 1.4-nm AlN
IL, and a 10-nm GaN channel, with no GaN IL or AlyGa1−yN cap. This structure
serves as the control for the set of growth series described subsequently.
Two interlayer series were grown for this study. The AlN IL thickness was varied
among 1.0, 1.4, 2.5, and 4.5 nm. Fixing the AlN IL at 1.4 nm, a GaN IL was varied
among 0, 0.8, 1.5, and 3.0 nm. The barrier thickness, AlGaN cap, and AlN IL
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Figure 3.12: Schematic N-polar HEMT epilayer structure, shown for a
sample grown on a C-polar SiC substrate.53
series were grown on C-polar SiC substrates, and the GaN IL series were grown on
freestanding N-polar GaN substrates.
To investigate any structural impact of the GaN IL on the growth of the AlN
IL, transmission electron microscopy (TEM) studies were performed, comparing two
samples grown on SiC with a 1.4-nm AlN IL and 15-nm InAlN barrier. One sample
had no GaN IL and the other had a 1.5-nm GaN IL. Samples suitable for cross-section
observation were prepared using an FEI Nova 200 focused-ion-beam system, and a
Philips-FEI CM 200 operated at 200 kV was used for imaging.
All samples were processed to form lithographically defined van der Pauw Hall
patterns. Ohmic contacts were formed by annealing the Ti/Al/Ni/Au (20/100/10/50
nm) at 830℃ for 30 s under N2 ambient, and then the test structures were isolated
using a Cl2/BCl3/Ar inductively coupled plasma etch. Based on the results of these
studies, a sample was grown having a 2.2-nm AlN IL and 1.5-nm GaN IL with a 15-nm
InAlN barrier and 10-nm GaN channel, and fabricated into HEMTs using 1-µm-long,
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Figure 3.13: Measured Hall µ and ns for (a) the AlN IL thickness series
(with no GaN IL) grown on SiC substrates and (b) the GaN IL thickness
series (with a 1.4-nm AlN IL) showing samples grown on GaN substrates
(filled symbols) and samples grown on SiC substrates (open symbols) for
comparison to previous samples.53
2×75-µm-wide Pt/Au gates, and a 5-µm source-drain spacing.
3.4.3 Results and Discussion
3.4.3.1 AlN and GaN interlayers
Hall measurements of ns and µ are shown in Fig. 3.13 for the AlN IL series (10-nm
GaN channel, varying thickness AlN IL, and 15-nm In0.17Al0.83N barrier) and GaN
IL series (10-nm GaN channel, 1.4-nm AlN IL, varying thickness GaN IL, and 15-nm
In0.17Al0.83N barrier). With increasing AlN thickness, ns increases monotonically, but
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µ shows a maximum for an AlN IL thickness of 1.4 nm and decreases for thicker
AlN ILs. The increase in ns with AlN IL thickness is consistent with the expected
thin-barrier behavior, similar to the simulated ns reported by Hardy.
53 Initially, µ
increases, reaching a maximum for the 1.4-nm AlN IL, likely due to a reduction in
the 2DEG wavefunction overlap with the InAlN barrier layer, resulting in a decrease
in alloy scattering.74,76,77,101,104 For AlN ILs thicker than 1.4 nm, the reduction of
µ is likely related to either increased optical phonon scattering at very high carrier
density or population of a higher energy level. The AlN IL may also be roughening
with increasing thickness due to the low growth temperature, in spite of the presence
of the Ga layer that acts as a surfactant.83 While the thickest AlN IL (4.5 nm) is
very close to the cracking limit of AlN grown on GaN,94,95 no cracks were observed
in AFM or optical microscopy, as shown in Figs. 3.14(a) and 3.14(c), respectively.
The GaN IL series includes two samples grown on SiC to enable comparison of
the GaN IL samples grown on GaN substrates with other samples grown on SiC in
this study. The samples grown on GaN substrates consistently have higher µ values
by approximately 250 cm2/V·s. The increase in mobility for HEMTs grown on GaN
substrates is due to both reduced dislocation scattering and improved surface mor-
phology (reduced interfacial roughness scattering).105 Our GaN buffer layers grown
on SiC have a threading dislocation density greater than 1010 cm−2, as opposed to
5×106 cm−2 for freestanding GaN substrates. The rms roughness as measured by
AFM decreases from ∼1 nm for samples grown on SiC substrates to as low as 0.3 nm
for samples grown on GaN substrates. The difference in ns and µ between substrate
types is similar for both SiC samples shown in Fig. 3.13(b), suggesting a similar
trend with GaN IL thickness for HEMTs grown on SiC and GaN. However, differ-
ences in dominant scattering mechanisms for HEMTs grown on SiC and freestanding
GaN substrates may result in slightly different optimal GaN IL thicknesses. For both
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Figure 3.14: AFM images of (a) HEMT grown on SiC with a 4.5 nm AlN
IL from the AlN IL thickness series, and (b) final HEMT structure grown on
freestanding GaN with a 1.5 nm GaN IL and 2.2 nm AlN IL. (c) Nomarski
optical micrograph of the sample in (a), showing faint Ga droplet remnants
but no cracks, and (d) 0002 XRD scan and best-fit simulation of the sample
in (b) with the epitaxial structure used for the XRD simulation shown inset.53
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substrate types, there is a significant increase in µ and decrease in ns with increasing
GaN IL thickness up to 1.5 nm, as shown in Fig. 3.13(b). For GaN ILs thicker than
1.5 nm, both µ and ns decrease.
The decrease in ns with increasing GaN IL thickness agrees well with simulations,
similar to the ns behavior for varying AlN IL thickness. The µ reaches a maximum
for a GaN IL thickness of 1.5 nm, and then decreases for thicker ILs. The reduction
in µ for GaN ILs with thickness greater than 1.5 nm is likely due to low ns below
1×1013 cm−2 and reduced screening of Columbic scattering. No parasitic channel
is predicted in our simulations for a 3-nm GaN IL (not shown), and Wong et al.
reported an improved µ for a 4-nm GaN IL in N-polar AlGaN-barrier HEMTs.92 The
increase in µ due to a GaN IL has been previously attributed to a number of different
factors, including reduced scattering for electrons injected past the AlN IL and into
the GaN IL,92 reduced 2DEG wavefunction penetration into the InAlN barrier,104
and protection of the InAlN barrier during substrate temperature ramp to the AlN
IL and GaN channel growth temperature.83 Note the different behavior of the GaN IL
reported here relative to the Ga-polar case presented by Kaun et al.77 In our case, the
GaN IL had the effect of reducing ns while increasing µ, while the GaN IL presented
by Kaun77 increased ns without significantly impacting µ. These differences may be
due to the opposite growth polarity, or the absence of growth interruptions between
the barrier and interlayers for our samples.
With respect to the µ improvement in the GaN IL, it is unlikely that there is a
significant change in alloy scattering due to the GaN IL, as there is very little wave-
function penetration through a 1.4-nm-thick AlN IL. In this work, the AlN IL and
GaN channel are grown at the same temperature as the InAlN barrier, removing the
need for a capping layer to protect the InAlN barrier from thermal damage. In addi-
tion, use was made of two Al effusion cells, one for the InAlN barrier, and one for the
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AlN IL, allowing abrupt Al flux changes and the elimination of any growth interrupt
between the barrier and AlN IL. The impact of the GaN IL on µ may be related to
improving the interfacial abruptness or layer thickness homogeneity of the AlN IL.
Atom probe measurements have previously shown measurable interfacial intermixing
for the lower AlN/GaN interface in N-polar heterostructures.106 It would be more
thermodynamically favorable for Al to displace In in the InAlN barrier than to dis-
place Ga in a GaN IL, potentially improving interfacial abruptness for the AlN/GaN
interface relative to AlN/InAlN.107 The TEM images shown in Fig. 3.15 confirm the
interfacial abruptness for the AlN/GaN ILs. The AlN/InAlN interface appears less
abrupt, which may contribute to AlN IL thickness inhomogeneity (interfacial rough-
ness scattering), leading to reduced µ. However, more detailed chemical analysis is
needed to quantify differences in samples with and without a GaN IL. The InAlN
barrier layers in both TEM images show uniform contrast, confirming compositional
homogeneity and high quality InAlN growth conditions.84
Taken together, controlling the AlN and GaN IL thicknesses provides an effective
method for controlling ns while maximizing µ in N-polar HEMTs. As shown in Fig.
3.13(b), the sample with the highest µ had a 1.5-nm GaN IL and 1.4-nm AlN IL, and
a comparatively low ns. If one assumes that the reduction in µ in the AlN IL series
(with no GaN IL) for AlN ILs thicker than 1.4 nm is caused by very high ns > 3×1013
cm−2 (and subsequent optical phonon or interfacial roughness scattering), then Fig.
3.13(a) suggests the addition of a 1.5-nm GaN IL should allow a thicker AlN IL
without significantly degrading the mobility, resulting in both high µ and high ns.
This concept is demonstrated in a HEMT sample grown on freestanding GaN with a
15-nm In0.17Al0.83N barrier, 1.5-nm GaN IL, 2.2-nm AlN IL and 10-nm GaN channel,
resulting in ns=2.2×1013 cm−2 and µ=1400 cm2/V·s. AFM and XRD measurements
from this sample are shown in Figs. 3.14(b) and 3.14(d), indicating smooth morphol-
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Figure 3.15: Structures grown on SiC with: (a) 1.4-nm AlN IL and no
GaN IL, and (b) 1.4-nm AlN IL and 1.5-nm GaN IL. Both samples have a
15-nm In0.17Al0.83N barrier and 10-nm GaN channel.
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ogy and high quality interfaces evidenced by multiple thickness fringes in the XRD
scan. The increase in AlN IL from 1.4 to 2.2 nm resulted in an increase in ns by
1×1013 cm−2 with a minimal change in µ. Thicker AlN ILs may be possible without
a significant reduction in µ, and it is likely that the optimal AlN IL and GaN IL
thicknesses are coupled (changing one changes the other) due to the dependence of µ
on ns.
3.4.4 Conclusions
The impact of AlN and GaN IL on ns and µ in MBE-grown N-polar InAlN-barrier
HEMTs have been examined. AlN and GaN ILs both have a significant impact on
transport and must be tuned together to achieved the desired ns with high µ. The
AlN IL monotonically increased ns, with a maximum µ for IL thicknesses of at least
1.4 nm, while the GaN IL decreases ns and increases µ for a GaN IL thickness of 1.5
nm.
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Chapter 4
SELECTIVE OXIDATION OF InAlN USING AlN MASKING ON GATELESS
InAlN/GaN MOSHEMT DEVICES
4.1 Introduction
Due to high gate leakage and drain-current collapse observed in AlGaN/GaN
Schottky gate metal devices, the stability and performance of these HEMTs are lim-
ited.109,110 In attempts to solve these reliability issues, various oxides and dielectrics
such as Sc2O3, MgO, SiO2 and Si3N4 have been used to passivate surface traps and
reduce the metal-oxide-semiconductor (MOS) diode leakage current.25,26,111,112,113
Atomic-layer deposition (ALD) has also been used to deposit Al2O3 as the gate
oxide due to its excellent conformability, low defect density, low stress, and excel-
lent adhesion.110,114 Additionally, Al2O3 has high breakdown field (5-10 MV/cm),
high dielectric constant (k∼10), and excellent thermal and chemical stability when in
contact with AlGaN.115 It has been shown that AlN/GaN metal-oxide-semiconductor
HEMTs (MOSHEMTs) enable higher-power switching devices than the Si MOSFETs.
The use of a gate oxide could enhance device performance at high temperature due
to the effective barrier height and also improve thermal stability in comparison with
Schottky gate transistors.116
This chapter describes investigations of oxidation depth of gate-less InAlN/GaN
metal-oxide-semiconductor HEMTs with partial AlN masks, which were provided by
the group of Professor Fan Ren at the University of Florida. These devices were
composed of In0.17Al0.83N and had source-to-drain distances of 40, 30, 20, and 5 µm,
with AlN masks deposited to selectively oxidize regions between the source and drain.
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Figure 4.1: Optical microscope image and annotated cross section of
gate-less InAlN/GaN HEMTs. Region of device investigated is indi-
cated.(Courtesy of Fan Ren Group)
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Figure 4.2: Graphic showing scheme used for naming scan locations. The
yellow represents the AlN layer used as a mask. The area referred to as the
transition area is labeled.
It has been shown that a clean, well-defined native oxide layer can be obtained by
thermal oxidation of InAlN.117 An example of the device geometry is shown in Figure
4.1. The depth of oxidation of the InAlN after annealing in atmosphere at 900 ℃ was
investigated in the regions labeled in Figure 4.2.
4.2 Results
Cross-sectional samples for TEM examination were prepared by FIB lift-out tech-
niques, as described in section 2.2.2. Due to the varying source-to-drain width of
these devices (5-40 µm), devices with a source-to-drain width of over 20 µm required
two lamella for observation, one containing the source side of the device and the other
containing the drain side. For the two 20-µm samples, one was prepared with a single
lamella (Sample 7.2) and the other (Sample 6.4) was divided into two lamella.
Once the lamella had been prepared, STEM images were taken (see Figure 4.3),
and X-ray spectroscopy was used (see chapter 2) to acquire elemental line scans at
different locations on the devices (see Figure 4.4). Figure 4.3 shows a mosaic of
HAADF images covering the length of the lamella. Figure 4.4 shows two scans from
the 30-µm InAlN/GaN device, and the corresponding HAADF STEM image (top
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Figure 4.3: Mosaic of STEM HAADF images showing the drain side of an
InAlN/GaN gate-less device. The drain side of this device had an extra AlN
layer to mask the InAlN from oxidation.
left), the elemental profile (top right), and the X-ray spectrum at the position where
the In signal peaked (bottom). The red line in the HAADF image indicates the
path of the electron probe used to record the elemental profile. The yellow arrows
by the red line and on the elemental profile indicate the direction of scan and data
acquisition. The vertical line on the elemental profile indicates the location of the
In signal peak and corresponds to the X-ray spectrum just below. The highlighted
portions of the X-ray spectrum indicate the energy windows used in creating the
elemental profile. These windows were each 0.1-keV wide and centered around 0.2770
keV (carbon Kα), 0.5230 keV (oxygen Kα), 1.486 keV (aluminum Kα), 3.286 keV
(indium Lα), 4.510 keV (titanium Kα), 9.250 keV (gallium Kα), and 9.712 keV (gold
Lα). Due to absorption of the characteristic X-rays of N by the window of the X-ray
detector, no N peaks or profile are present in the data.
The scans from the InAlN/GaN devices are divided into five areas indicated in
Figure 4.1: drain, mid-drain, transition, mid-source, and source. The source and
drain scans were taken near (∼10-50nm) the corresponding contact. Other locations
are labeled as mid (between the contact and the transition area) or trans (taken near
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Figure 4.4: Examples of elemental scans taken from 30 µm InAlN/GaN
device in regions with the AlN mask (top), and without (bottom). Each set
consists of an HAADF STEM image (top left), the elemental profile (top
right), and the X-ray spectrum at the position where the In signal peaked
(bottom). The red line in the HAADF shows the path of the elemental profile,
and the yellow arrows, indicate the direction of scan or data acquisition.
The vertical on the elemental profile indicates the location of the In signal
peak and corresponds to the X-ray spectrum just below. The highlighted
portions of the X-ray spectrum indicate the energy windows used in creating
the elemental profile.
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the area transitioning from mask to no mask). The mid and trans areas are further
distinguished by proximity to the nearest contact (i.e. source or drain). The transition
regions are distinguished by notable steps in the STEM images and differences in the
Al profiles (see Figure 4.4). These correspond to edges in the ALD AlN mask (see Fig
4.2). The top scan in Figure 4.4 was taken in the drain-mid region and the bottom
was taken in the source-mid region of the same device.
Multiple scans were taken in each region to assess the regularity of the growth
layers and to show reproducibility of measurements along the device. Figure 4.5
indicates where four scans were recorded within the same field of view of a non-
annealed device. The data acquired from these four scans were overlaid, normalized
to the highest Ga count, and the Ga edges were aligned. No horizontal scaling was
done in order to preserve position confidence. To reduce noise in the signal, some
data was averaged using three-point averaging which can cause smearing on the order
of 1-2 nm. The data collected from scans 1 to 4 in Figure 4.5 are shown in Figure 4.6a
and the three-point-averaged data is shown in 4.6b. After collection of the elemental
scan data, the peak base widths of Al, In, and O were measured to the nearest nm.
The peak widths were then averaged in each of the five areas and are summarized
in Table 4.1, with each region being averaged over 1-4 peak widths depending on the
device source-to-drain width. The shortest drain-to-source distance was 5 µm. Due
to this short distance, not as many spectra were collected as for the 20-40 µm devices.
The overlap distance of the In and O peaks is taken as an estimate of oxidation depth
of the InAlN layer as can be seen in Figure 4.4. This value was measured to the
nearest nm for each of the acquired scans and averaged per area using 1-4 values,
again depending on the source-to-drain width. This data is tabulated in Table 4.2.
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Pt
C
GaN
AlN
Figure 4.5: Image showing masked region of non-annealed gate-less InAlN
HEMT device with numbered lines indicating locations where scan data were
acquired.
4.3 Discussion
Table 4.1 shows the average width, to the nearest nm, of the elemental peaks in
a given region for a specific device. The widths of the peaks were measured from the
position where the x-ray signal rises just above the background to the position where
it disappears into the background noise. In each device, the Al width is greater on
the source side than on the drain side. This is to be expected since the drain side of
the device had the AlN mask. The In counts show small fluctuations in comparison
with the Al and O peaks. In the case of the O peak widths, some scans did not show
a clear beginning of the O curve. In these cases, the beginning of the Al curve was
used.
To address the question of oxidation of the InAlN layer, overlap of the In and O
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(a) Aligned raw data
(b) Three-point-averaged aligned data
Figure 4.6: Aligned (a) raw, and (b) three-point-averaged data, of the
scans from Figure 4.5.
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(a) Al highlight of Aligned raw data
(b) Al highlight of Three-point-averaged aligned data
Figure 4.7: Al highlight of the aligned (a) raw, and (b) three-point-averaged
data, of the scans from Figure 4.5.
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curves was measured. Table 4.2 shows averages of the In and O overlap in different
regions of the device to the nearest nm. There is a trend of the source side having
higher overlap than the drain side. In addition, there is a slight difference between
the annealed and non-annealed devices. However, there does not seem to be much
difference between the O-In overlap in Samples 7.2 and 6.4.
The results from a non-annealed device (Sample 7.2), as shown in Figures 4.6 and
4.7, show a small oxygen peak at the position where the Ga signal is rising. This
peak suggests that not all of the oxygen measured in the annealed samples is due to
AlN oxidation.
Closer examination of Table 4.1 shows that there are clear differences in the Al
peak widths from the masked side of the devices to the unmasked side, especially in
the mid regions. The transition regions show a similar trend but not so pronounced.
This may be due to averaging over the slow decay of the mask and/or irregularity
of mask deposition in that region. Inspection of the O peak widths in the same
table shows that not only is oxygen present in non-annealed samples (Samples 7.2 &
7.3) but the peak width is not uniform. This non-uniformity of the O peak widths
suggests that determining the extent of oxidation in annealed samples will not be
straightforward.
Table 4.2 also reveals that there is still an overlap of In and O peaks in the non-
annealed samples which was meant to be the measure of the extent of oxidation.
Comparing these overlaps of the non-annealed 7.2 and the annealed 6.4 and 3, shows
that there is little difference in all regions.
Overall, it appears that the AlN mask is inadequate for its projected purpose.
STEM micrographs in Figure 4.8 demonstrate that the AlN mask is not always uni-
form, in the region between the transition and the drain as shown in Figure 4.5.
Furthermore, the STEM micrographs in Figure 4.9 show that this problem also reg-
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ularly occurs at the transition regions where the masks end. This figure not only
demonstrates the mask irregularity but also that the mask falls off slowly. Another
issue of the mask growth is at the source contact. The elemental scans indicate that
there is a mask on the contact which falls off slowly over the InAlN film as the contact
is approached. An attempt could be made to deconvolve the probe shape of the scans
from the data and look for residual overlap of Al and Ga peaks to assess the degree
of tilt from edge-on. This would ensure better comparison of signal widths for the O
peaks.
Pt(e)
GaN
Pt
(c)
GaN
C
Pt(a)
GaN
C
Pt(b)
GaN
C
Pt(d)
GaN
Figure 4.8: STEM micrographs demonstrating irregularity in the AlN mask
(white arrows) thickness. Images taken from annealed Samples 3 (a-c), and
6.4 (e) and non-annealed Sample 7.2 (d).
4.4 Conclusions
In this study, x-ray elemental profiles of TEM lamella taken from AlN-masked
gateless InAlN MOSHEMTs were analyzed. The extent of aluminum oxide on the
devices via selective masking with AlN and thermal oxidation was measured by el-
emental profile overlap of the O and In signals. However, the results show little
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Figure 4.9: STEM micrographs demonstrating irregularity in AlN mask
(white arrows) thickness at mask edge (transition region). Images taken
from non-annealed Samples 7.2 (a), and 7.3 (b), and annealed Sample 3 (c).
difference for the InAlN-oxide layer in the non-annealed and annealed samples. This
may be due to irregularities in the mask growth process. Thus, further experiments
are still needed to understand O diffusion in AlN and InAlN, and along the AlN and
InAlN boundary.
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Table 4.1: Average peak widths of Al, In and O for various locations on
the device. Cells with dashes indicate that the signal for that element was
not discernible from noise, and NA indicates the lack of locating a definite
transition region. The yellow shading serves as a reminder of the AlN mask
location.
#
A
n
n
ea
le
d
S→D
E
le
m
en
t
Average peak width (nm)
Drain
Drain Side Source Side
Source
(µm) Mid Trans Trans Mid
Al 30 26 23 15 13 22
In 8 7 7 8 8 103 Y 30
O 24 19 17 11 9 25
Al 72 53 N/A N/A 47 34
In 38 36 N/A N/A 32 —6.2 Y 5
O 48 39 N/A N/A 35 24
Al 28 29 22 18 16 21
In 14 12 10 11 12 136.4 Y 20
O 23 20 22 15 15 17
Al 34 30 27 18 17 31
In 14 14 13 10 14 137.2 N 20
O 4 13 16 14 12 —
Al 54 51 49 42 14 27
In 14 10 — — 10 147.3 N 40
O 22 28 — — 6 19
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Table 4.2: Average overlap of O and In profiles at different locations of
device cross-section. A cell with NA indicates the absence of a definite tran-
sition region. Dashes indicate regions where either the O, In or both profiles
are not interpretable above the background. Yellow shading serves as a re-
minder of the AlN mask location.
#
A
n
n
ea
le
d
S→D
Average peak width (nm)
Drain
Drain Side Source Side
Source
(µm) Mid Trans Trans Mid
3 Y 30 5 3 3 7 6 6
6.2 Y 5 22 13 NA NA 30 —
6.4 Y 20 11 4 7 5 10 13
7.2 N 20 8 7 5 7 11 —
7.3 N 40 0 0 — — 4 5
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Chapter 5
ELECTRIC FIELDS IN AlGaN/GaN HEMT DEVICES WITH AND WITHOUT
FIELD PLATES
5.1 Introduction
For RF devices operating at frequencies below 20 GHz it is common for HEMT
devices to employ a field plate extending from the source to almost midway between
the source and drain, as shown in Figure 1.5.4 The purpose of the plate is to assist in
shaping the electric field for high drain voltages to reduce the gate-to-drain feedback
capacitance. By using electron holography, the built-in electric field can be deter-
mined at different locations between the source and drain, especially along the gate
length. These values can then be compared between devices.
Some device failure mechanisms are attributed to the effect of the built-in electric
fieldAs discussed in Chapter 1. In this chapter, electron holography has been used
to measure the built-in electric fields of non-biased field-plated and non-field-plated
GaN/AlGaN HEMT devices. The relevant background relating to electron hologra-
phy and the associated sample preparation techniques has been given in Chapter 2.
Entire AlGaN/GaN devices for characterization purposes were provided by the Air
Force National Laboratory (AFRL) at Wright Patterson Air Force Base.
5.2 Methods
Five die were provided for examination, each having field-plate and non-field-
plated HEMTs. Four cross-sections were made at measured locations from each field-
plated and non-field-plated device. The locations enabled chip-to-chip comparisons
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to be made as well as field-plated to non-field-plated comparisons on the same chip,
theoretically removing differences due to spatial variation along the device. These
cross-sections were prepared using the protocol described in Chapter 2. The lamella
were rotated after the cross-sectional piece was lifted out to avoid curtaining. As
pointed out earlier, curtaining or uneven milling, results in local variations of lamella
thickness which make calculation of the electric field imprecise since spurious phase
changes are induced in the reconstructed phase images.
Figure 5.1 shows two micrographs where curtaining is present. The curtaining in
(a) is most evident along the substrate side were the protective Pt has been deposited.
This sample was further milled to bring the GaN side vacuum closer to the gate inter-
face, as shown in (b). The small variations in Pt thickness in (a) lead to exaggerated
peaks in the lamella visible in (b). To avoid this scenario, after the lamella lift-out
and flipping, the excess GaN was reduced and a thicker and more uniform Pt layer
was used. However, the lamella would often bend, making holographic analysis im-
possible due to rapidly varying diffracting conditions across the field fo view induced
by the bending.
Two solutions were used to resolve this problem. The first was to mount the
flipped lamella into the valley of the M on the liftout grid, which would allow the
lamella to be welded to the grid at both ends prior to thinning. This solution only
worked if the lamella was not too thin: If the lamella was thinned too much, it would
start to bow in the middle. The second, and more useful, solution was to approach
the gate interface from the gate metal side rather than the GaN side. This approach
allowed the GaN to be much thicker under the gate but required use of a vacuum
window, as described in Chapter 2. Before cutting out the lamella, a thick (3 - 4µm)
Pt bar was deposited above the region of interest. The lamella was then prepared
as usual, flipped and mounted. Vacuum windows were cut into the nitride and Pt,
88
 
Vacuum
GaN
Gate
ion-beam
Nitride
PtVacuum
Vacuum
Vacuum
GaN
NitrideGate
ion-beam
(a)
(b)
Figure 5.1: Micrographs of the same lamella showing: (a) the beginning of
curtaining, and (b) its evolution. The arrow indicates the direction used for
ion-milling.
as shown in Figure 2.7, allowing the large Pt layer to remain intact across the new
bottom of the lamella. The lamella was then protected by a thin layer of Pt on the
new top and thinned as usual. This geometry allowed for more rigidity from the
excess GaN on top and excess Pt on bottom. With the lamella thus secured, aligning
the sample for measurements was more straightforward.
Once the lamella was loaded in the TEM, it was aligned with the [112¯0] zone axis
along the incident beam direction. The sample was then tilted slightly off-zone to a
reduced diffracting condition, using Kikuchi lines to ensure that the sample remained
edge-on. Once a minimum diffracting condition was reached, the objective lens was
turned off and the Lorentz lens was turned on, so that the image was formed only
by non-diffracted electrons. The differences in these imaging conditions is illustrated
in Figure 5.2. The on-zone image is shown at top, and the edge-on image is shown
in the middle. By looking at the contrast in the GaN region, it can be seen that
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Figure 5.2: Image of GaN oriented: (a) along the [112¯0] zone axis, (b) off
zone axis by 8.5° each with the objective lens on, (c) objective lens turned
off and the Lorentz lens turned on.
diffraction contrast has been reduced by tilting the sample off the zone axis along
the AlGaN/GaN interface. However, with the objective lens turned off (Figure 5.2c),
much diffraction remains at this tilt angle. The sample will need to be further tilted
slightly off-edge in order to collect data from just under the AlGaN/GaN interface.
After the hologram and reference hologram are collected and processed, as de-
scribed in Chapter 2, the reconstructed phase, amplitude and thickness images are
used to measure ∆φ and t. The thickness t was calculated using the mean-free-path for
GaN, multiplied by the amplitude image. A small area was selected on the thickness
image, corresponding to the location of the phase measurement on the reconstructed
phase image, and averaged to get the local thickness.
The measurement of the phase was done in two parts. First, a profile was taken
in the GaN just below the AlGaN interface. In this profile, a region of constant phase
was identified, as shown in Figure 5.3. This was done to ensure that the change in
phase measured in the second step was due to the built-in electric field and not due
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to a change in thickness or diffracting condition. The final step was to take a profile
perpendicular to the GaN/AlGaN interface in the region of constant phase. Once
the profile had been taken, the region of changing phase was measured, as shown in
Figure 5.3. These measurements, ∆φ and t, were then inserted into Equation 2.1 to
calculate V . Dividing this value by the width of the change in phase, provided a value
for the built-in electric field.
Figure 5.3: Reconstructed phase image (left), and corresponding phase
profiles of gate metal for GaN/AlGaN HEMT. Orange arrow on phase image
corresponds to lower right phase profile and white arrow to upper right profile.
Orange phase profile indicates region of constant phase parallel to interface.
White profile shows ∆φ perpendicular to interface in region highlighted in
orange profile.
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5.3 Results and Discussion
Figure 5.4 shows a cross-section of a non-field-plated device with vacuum windows.
The region highlighted in the inset corresponds to where the holography measurement
presented in Figure 5.5 was taken.
The holographic data presented in Figure 5.5 consists of a false colored recon-
structed phase image (top left) and a thickness image (top right). The yellow line
on the thickness image traces the gate boundary. The two insets are profiles of the
phase image, as indicated by arrows. The black arrows indicate the direction in
which the profile was taken. The highlighted section of the profiles corresponds to
the highlighted region in the reconstructed phase image. These phase profiles show
the slope in the phase directly underneath the gate. This phase change corresponds
to an electrostatic field of ∼0.3 MV/cm.
The region circled in red in Figure 5.5 highlights the region just beside the gate
footprint under the gate wing where no useful results could be collected in this data
set. Phase information is lost in this region due to slightly different diffracting con-
ditions from just under the gate footprint. It is likely that changing lattice strain
between the AlGaN/gate metal and AlGaN/nitride layer is the reason for the differ-
ence in diffracting conditions. This effect was also seen under the source and drain of
each device. This effect combined with some material diffusion made data acquisition
in these regions unreliable or impossible.
Figure 5.6 demonstrates unpredicted behavior in the AlGaN layer. In scans 2
and 3, there is an obvious slope in the phase gradients indicating the presence of the
expected built-in electric field. However, the scans 4 and 5 are basically flat, with
no indication of any field. This is unexpected since this field is due to strain in the
AlGaN layer deposited on GaN. This absence of the field in scans 4 and 5 may be
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Figure 5.4: Cross-section of a non-field-plated AlGaN/GaN HEMT with
vacuum windows. The gate is highlighted and the dashed box in the inset
indicates location of data collection, as shown in Figure 5.5.
due to differences in strain between the AlGaN layer under the gate metal and under
the insulator. Another possibility is that there is significant charging of the insulator
causing a warping of the field.
Charging has been observed in other sets of data. Figure 5.7 shows a false-colored
reconstructed phase image for the drain side of the gate of a non-plated device. The
substrate shows a gradient of color from the bottom left corner to the top right. This
change in phase could be due to charge build-up in the lower corner or possibly due
to thickness variation. The rainbow in the bottom center of the image mimics the
shape of the gate wing, indicating that the change in phase in this region is due to
insulator charging. Since high contrast in the GaN and AlGaN layers is also near
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Hologram z2.1
L R
t (nm) 230 230
Δφ (rad) 1 1.2
AlGaN (nm) 30 30
Gate
GaN
Figure 5.5: Reconstructed phase image (top right), and false-colored re-
constructed phase image (top left) of location labeled in image 5.4. The
profiles shown are taken from the region outlined in the reconstructed phase
images. The region outlined in dots on the profiles indicates the regions of
AlGaN layer, and also shows on the false-colored reconstructed phase image
as the smaller box inside the larger. The regions and corresponding profiles
are labeled. The gate metal is outlined for better viewing in the right phase
image. The arrow on the profile and false-colored reconstructed phase image
indicates the direction of the profile. Measurements are also noted with t
being the lamella thickness, ∆φ is the change in phase, and AlGaN is the
thickness of the AlGaN layer.
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Figure 5.6: The reconstructed phase image of a non-field-plated Al-
GaN/GaN HEMT in the center showing a region under the gate footprint
and under the gate wing. Five profiles were taken of this region and four
are shown. The change of phase in the AlGaN region is highlighted in each
profile. The phase change under the gate footprint, profiles 2 and 3, differ
greatly from those under the gate wing, profiles 4 and 5.
that same region, it may be caused by a secondary effect due to insulator charging.
Table 5.1 shows representative data collected from one of the measured devices.
The amount of thickness variation indicates an issue with either the milling or the
method of thickness determination. The V and E numbers appear to agree locally
but vary greatly globally. This variation in the data was not expected and was found
in the majority of the data sets, indicating that the process used needed improvement
before meaningful data could be acquired.
The measurement of the local thickness t of the lamella is just as important as the
change in phase as shown in Equation 2.1. It is necessary to confirm that the thickness
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Figure 5.7: Reconstructed phase image of a non-field plated AlGaN/GaN
HEMT of gate wing and insulator region. The AlGaN/GaN interface is
shown. The color represents change in phase. The rainbow of phase change
seen in the insulator in the bottom half of the image indicate charging of the
insulator.
measurements obtained from the thickness image (intensity image multiplied by mean
free path) are accurate. It was intended that these thickness measurements would be
verified using convergent beam electron diffraction (CBED) but this was not done due
to sample limitations. Although bending of the lamella was addressed on a large scale,
slight remaining sample curvature made tuning of the CBED pattern too difficult.
It was initially planned to verify V by measuring ∆φ and t with 200kV and 300kV
electrons. The constant CE found in equation 2.1 would change for each electron
energy giving CE200 and CE300. The difference in CE values would be mirrored by
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Table 5.1: Representative data taken from non-field plated HEMT device.
The reported ∆φ and t are measured from the reconstructed phase and thick-
ness images. Values for V and E were calculated using 7.28×10−3 rad/V*nm
for CE and 21 nm for the AlGaN thickness.
Region
∆φ t V E
(rad) (nm) (V) (MV/cm)
Insulator
0.29 121 0.33 0.16
0.34 106 0.44 0.21
Gate Wing
0.50 123 0.56 0.27
0.45 110 0.56 0.27
Gate
0.77 116 0.91 0.43
0.86 132 0.89 0.43
0.90 116 1.07 0.51
0.52 150 0.48 0.23
Gate Wing 0.61 125 0.67 0.32
differences in the ∆φ measurements, theoretically giving the same calculated V . This
task was not accomplished since samples would invariably break off the Omniprobe
grids during transfer between microscopes, preventing direct comparisons from being
made.
5.4 Conclusions
Electron holography has been used to characterize unbiased cross-sections of com-
plete AlGaN/GaN devices with and without field plates. The built-in electric fields
in these cross sections were measured using electron holography and were found to
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vary greatly between 0.1 and 0.5 MV/cm. This variation is considered to be due to
incorrect thickness measurements, phase interruption due to diffraction, and other
process attributes rather than actual field fluctuations. Future work for improved
analysis should include comparison of thickness measurements from CBED data and
holographic thickness images, carbon coating of lamella to reduce insulator charging,
and better understanding of the effect of sample tilt on the measured phase change.
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Chapter 6
CONCLUSIONS
The research presented in this dissertation has concentrated on growth and failure
mechanisms in III-nitride HEMT devices.
6.1 Microstructure of MBE-Grown Homoepitaxial N-polar GaN-GaN and
InAlN-GaN for HEMT Applications
The microstructure of rf-plasma MBE-grown N-polar GaN epitaxial layers on free
standing N-polar GaN substrates subjected to several cycles of Ga deposition and des-
orption prior to growth was investigated, and the effect of an initial ultra-thin (15A˚)
AlN nucleation layer was also studied. Epitaxial layers grown directly on the free-
standing substrate after three cycles of Ga deposition and desorption exhibited only
isolated threading dislocations. When an ultra-thin AlN layer was used in conjunction
with three or ten cycles of Ga deposition and desorption, no threading dislocations
were generated. In contrast, epitaxial layers grown without initial Ga deposition and
desorption exhibited a high density of threading dislocations even when grown on an
initial ultra-thin AlN layer. SIMS analysis indicated that the presence of threading
dislocations in the epitaxial GaN layers was strongly correlated with the presence of
oxygen in these layers, and it was necessary to reduce the amount of oxygen remaining
at the interface to below ∼0.15 ML to completely suppress the threading dislocations.
The role of InN alloy fraction, growth temperature, and layer thickness on the
morphology and microstructure of N-polar InxAl1−xN thin films grown N-rich was
also studied. At low temperature, the microstructure showed evidence for lateral
compositional inhomogeneity for samples with x in the range of 0.14 to 0.31, which
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worsened with increasing InN alloy fraction. Thin films grown at high temperature
(650 ℃) showed homogeneous composition and smooth surface morphology, indicat-
ing that elevated growth temperature enabled improved compositional uniformity.
Lattice-matched In0.18Al0.82N films showed negligible degradation in morphology, mi-
crostructure, or electrical properties for thin films and HEMTs with InAlN layers up
to 200-nm thick.
6.2 Selective Oxidation of InAlN Using AlN Masking on Gate-less InAlN/GaN
MOSHEMT Devices
An investigation into the oxidation depth of AlN masks on gate-less InAlN/GaN
metal-oxide-semiconductor high electron mobility transistors (MOSHEMT) after an-
nealing in atmosphere was presented in chapter 4. X-ray elemental profiles of TEM
lamella taken from AlN masked gate-less InAlN MOSHEMTs by in-situ FIB were
analyzed. The extent of aluminum oxide on the devices via selective masking with
AlN and thermal oxidation was measured by elemental profile overlap of the O and In
signals. However, the results showed little difference between the InAlN-oxide layer in
the annealed and non-annealed samples, most likely due to irregularities in the mask
growth process. Thus, further experiments are needed to understand O diffusion in
AlN and InAlN, and along the AlN and InAlN boundary.
6.3 Electric Fields in AlGaN/GaN HEMT Devices with and without Field plates
Electric field measurements of field-plated and non-field-plated GaN HEMTs ob-
tained using off-axis electron holography were described in chapter 5. This study
advanced sample preparation techniques for electron holography for HEMT devices
and highlighted built-in electrostatic-fields caused by lattice strain.
Electron holography was used for measuring unbiased FIB prepared cross-sections
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of complete AlGaN/GaN devices The built-in electric fields in these cross sections
were measured using electron holography and found to vary greatly. This variability
is thought to be due to method errors rather that actual field fluctuations. Future
studies should include comparison of thickness measurements from CBED and holo-
graphic thickness images, as well as carbon coating of lamella to reduce insulator
charging, and better understanding of the effect of sample tilt on phase change.
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